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ABSTRACT 

 
Traumatic brain injury (TBI) is a prominent healthcare concern in the U.S. as 

millions of TBI-related emergency department visits occur annually. Recent reports 

estimate more than 5 million Americans currently suffer from life-long disabilities and 

psychiatric complications associated with TBI. While the risk of TBI has conventionally 

been considered to be male dominated, analyses of sex-comparable sports indicate that 

rates of concussions are higher and recovery time is longer following brain injury in 

females. Following anxiety and depression, substance use disorder (SUD) is the third most 

common de-novo neuropsychiatric condition diagnosed in both male and female TBI 

patients. Importantly, during adolescence the primary neuronal networks that regulate 

reward behaviors and perception of drug-induced euphoria are not fully developed, 

corroborating epidemiological studies identifying TBI sustained during adolescence as a 

risk factor for problematic drug use. Yet, to date, little is known about how TBI-induced 

molecular changes affect brain structures essential for the perception of reward and 

processing drug-induced euphoria. The following experiments were designed to test the 

hypothesis that adolescent TBI-induced neuroinflammation in areas such as prefrontal 

cortex (PFC) and nucleus accumbens (NAc) results in remodeling of neuronal reward 

networks and affect how the rewarding effects of cocaine shift as a consequence of TBI. 

Notably, the extent of sex differences in SUD susceptibility in TBI has not be investigated. 

Therefore, we also investigated whether the immune response stimulated by early-life TBI 

alters maturation of reward neurocircuits, leading to increased SUD vulnerability in a sex-

dependent manner. 
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Following the induction of TBI using the controlled cortical impact (CCI) model of 

brain injury, we utilized a biased, three-phased cocaine conditioned place preference (CPP) 

assay to assess the behavioral response to the rewarding effects of cocaine following 

adolescent injury in male and female C57BL6 mice. Furthermore, we characterized the 

effect of CCI-TBI on the stimulation of neuroinflammation within the PFC and NAc, 

comprising the reward pathway. Specifically, our studies revealed a sex-specific increase 

in 1) sensitivity to the rewarding efficacy of a subthreshold doses of cocaine interpreted 

from significantly higher cocaine CPP shifts, 2) the activation and phagocytosis of 

microglia observed by the positive expression of neuronal synaptic proteins in microglia 

sorted using flow cytometry, 3) increase in permeability of the blood-brain barrier indicated 

by discontinuous and depleted expression of tight junction proteins that line 

microvasculature isolated from reward nuclei, 4) decreased neuronal complexity, 

arborization, and spine density quantified from Golgi-cox stained NAc neurons, 5) changes 

in expression of genes related to the dopamine system analyzed by qRT-PCR in only male 

mice injured during adolescence. Additionally, our results imply that high levels of female 

hormones can promote neuroprotection against increased sensitivity to the rewarding 

properties of cocaine following injury, associated with decreased neuroinflammatory 

profiles after TBI in adolescent females. 

The studies herein aimed to elucidate underlying neuropathological outcomes 

following TBI in the reward circuitry that could be contributing to increased risk of 

addiction-like behavior observed clinically. Our findings suggest that TBI during 

adolescence may enhance the abuse liability of cocaine in adulthood and vulnerability to 

the rewarding effects of cocaine could be higher as a result of brain injury. Key 
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pathological findings in the NAc such as activated microglial phagocytosis, BBB 

changes, reduced neuronal complexity, and changes in dopamine gene expression in 

areas of the reward pathways support the notion that neuroinflammation may contribute 

to how the rewarding efficacy of cocaine are affected post-TBI during adolescence. The 

ultimate goal of this research is to 1) advance TBI and SUD literature with the potential 

to increase awareness and help health care providers inform TBI patients about the 

increased risk for SUDs, and 2) to translate identified correlated mechanisms into novel 

targeted therapies that would provide a launching point for the treatment of patients with 

TBI-related SUD.  
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CHAPTER 1: INTRODUCTION 

Trauma is the leading cause of death among children and adolescents aged zero to 

18 years old. This includes, but is not limited to shaken baby syndrome and falls in the 

first years of life, bicycle and transportation-related injuries in childhood, and sports and 

motor vehicle accidents during adolescence (Frieden, Houry, & Baldwin, 2015). In fact, 

using the Healthcare Cost and Utilization Project’s National Emergency Department 

Sample and National Inpatient Sample, Taylor et al. reported that more than one million 

emergency department visits related to concussion or traumatic brain injury (TBI) among 

children (aged 0-4 and 4-14 years old) and adolescents/young adults (aged 15-24 years 

old) occurred in 2013 alone (Taylor, Bell, Breiding, & Xu, 2017). Notably, the number of 

TBI-related fatalities does not compare to the majority of TBI patients that survive and 

suffer lifelong consequences of their injuries. Non-fatal TBIs result in longer hospital 

stays, loss of productivity, extensive rehabilitation and patient care, which taken together 

contribute to the estimated economic cost of TBI being over $48 billion per year (Corso, 

Finkelstein, Miller, Fiebelkorn, & Zaloshnja, 2006; Langlois, Rutland-Brown, & Wald, 

2006). Therefore, following efforts to increase awareness of TBI, recent research in the 

field of brain injury has identified physical, cognitive, emotional, and behavioral deficits 

as some of the adverse outcomes associated with pediatric TBI that persist into adulthood 

(Frieden et al., 2015; Haarbauer-Krupa et al., 2017). Prominent examples include the 

potentially life-long psychological consequences that can develop following a brain 

injury event. In addition to depression and anxiety, a link to substance abuse has been 

observed. Several studies have indicated that the younger the patient is at the time of 

injury and also increased severity of injury are associated with increased risk for 
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problematic alcohol and drug use behavior and the development of substance use 

disorders (SUD) later in life (Corrigan et al., 2013; Whelan-Goodinson, Ponsford, 

Johnston, & Grant, 2009).  

While SUD affects approximately 11% of the general population, the rate of SUD 

among TBI patients ranges between 37-66% (Corrigan, 1995; Parry-Jones, Vaughan, & 

Cox, 2006). Notably, data from the 2014 National Survey on Drug Use and Health 

demonstrates a significant increase in SUD rates from ages 12 to 18 (SAMHSA, 2015). 

Therefore, adolescents represent a population at risk of both experiencing early-life TBI 

and SUD development with the potential for TBI and SUD comorbidities. Significant 

advancements in the understanding of the development of SUD among TBI patients can 

be attributed to the recent increase in interdisciplinary preclinical investigations between 

neurotrauma and addiction research fields. Molecular changes in the mesolimbic nuclei 

that occur after neurotrauma that may affect processing of drug euphoria and lead to 

increased risk for SUD following TBI. As such, animal models of TBI have identified 

chronic inflammation, blood-brain barrier permeability, and changes to synapses and 

neuronal networks within the regions of the brain associated with perception of reward 

that are distant from the initial area of impact (Cannella et al., 2019; S. F. Merkel et al., 

2016; S. F. Merkel et al., 2017).  

Therefore, experiments in this dissertation were designed to focus on key aspects 

of brain development that are affected when brain injury is experienced during the early 

stages of life that consequently could lead to an increased risk of SUD development. 

Thus, the following related topics will be discussed: the incidence of early-life TBI, how 

preclinical studies model TBI and SUD, TBI-induced neuropathology and 
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neuroinflammation in the corticostriatal regions of the brain, and the link between TBI 

and addiction. First, epidemiological evidence identifying early-life TBI as an eminent 

health problem and how preclinical research can be used to help advance treatment 

approaches available to these patients will be addressed. Then, an overview of what is 

known regarding the ensuing pathology and inflammatory profile in brain regions 

anatomically distal from the initial area of impact that mediate the behavioral responses 

to rewarding stimuli will be provided. Finally, the association of TBI and increased 

vulnerability to develop SUD during adulthood will be discussed. Notably, the work in 

this dissertation will call attention to the need for further preclinical research to better 

understand the molecular underpinnings that contribute to addiction liabilities in the 

context of TBI; such knowledge will provide a launching pad for the investigation of 

novel treatment strategies for patients with comorbid TBI and SUD. 

Traumatic Brain Injury (TBI) 

Epidemiology of Early Life TBI 

A key finding by the CDC revealed that the incidence of TBI peaks across three 

developmental periods: infants aged 0-4, adolescents aged 15-19 (or youths aged 15-24), 

and adults over the age of 65 (Faul, 2010; Taylor et al., 2017). Importantly, it is well 

established that many of the brain’s neuronal networks continue to undergo 

developmental changes well into adulthood. Therefore, the damage inflicted by TBI 

under the age of 19 can result in disruption of ongoing maturation and changes to 

ongoing development of specialized neuronal circuitry. Several studies have found that 

TBI-induced inflammation can persist for months or even years beyond when the initial 
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injury occurs (Howell et al., 2018; Johnson et al., 2013). Yet, how chronic inflammation 

affects the developing brain remains poorly understood.  

Demographically TBIs are more common in males than females with some 

reports of ratios as high as 3:1, however both sexes follow similar age-related peaks in 

incidence, identifying those under the age of 19 at highest risk (Faul, 2010; Taylor et al., 

2017). The most common causes of TBI-related emergency visits from 2007 and 2013 

were falls, being struck by or against an object, and car accidents (Taylor et al., 2017). 

Although the incidence of TBI and concussions during participation in contact sports 

during childhood and adolescence is difficult to quantify, the CDC reports the activities 

of children <19 years old most associated with early-life TBI related injuries are 

bicycling, football, basketball, soccer, and general playground activity.  

Unlike more severe brain injuries, which typically results in loss of consciousness 

and observable neurological impairment that can be stratified using clinical guidelines 

such as the Glasgow Coma Scale (GCS), sports-related concussions often seen in child 

and adolescent athletes can occur in the absence of skull fracture or external bruising or 

bleeding, making accurate diagnosis of mild TBI a clinical challenge. Compounding the 

problem, 10%–20% of mild TBI patients continue to report detrimental symptoms for 

months and even years post-injury (Prince & Bruhns, 2017). The extent and 

manifestation of psychiatric, cognitive, and affective disorders may present differently 

following childhood and adolescent TBI due to ongoing neural development. Therefore, 

standardized measures for outcomes unique to pediatric TBI also include academic 

performance, family, environmental, and daily-living skills, language proficiency, and 

social cognition (McCauley et al., 2012).  
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Animal Models of TBI 

Preclinical research offers valuable resources to investigate mechanisms 

underlying the link between early-life TBI and subsequent behavioral and molecular 

outcomes. The combination of interdisciplinary animal models offers many opportunities 

for novel experimental designs that can help to elucidate poorly understood pathologies 

and phenotypes seen clinically. Validated models of brain injury have been 

comprehensively described previously by our group as well as Xiong and colleagues (S. 

F. Merkel, Cannella, L. A., Razmpour, R., Lutton, E., Raghupathi, R., Rawls, S. M., & 

Ramirez, S. H., 2017; Xiong, Mahmood, & Chopp, 2013). In brief, the four models 

widely used in research are the weight drop, fluid percussion injury (FPI), controlled 

cortical impact (CCI), and models of blast-induced injury. Each of these models have 

unique advantages and translational applications. The availability of multiple injury 

models grants preclinical researchers the opportunity to simulate both severity and type 

of TBI seen in patients. Notably, each of these models can be applied to juvenile and 

adolescent aged animals, with the advantage that studies can easily assess outcomes in 

adulthood that would otherwise require longitudinal clinical studies which are burdened 

by considerable expense and issues with patient retention.  

Clinical studies have demonstrated that experiencing TBI early in life is 

associated with poorer behavioral outcomes later in life and that psychiatric disorders are 

more common after childhood TBI (Kennedy, Heron, & Munafo, 2017; Max et al., 

2015). Preclinical research can be used to recapitulate the psychological outcomes as a 

consequence of experiencing TBI early in life. For example, following administration of 

the CCI model of TBI, Washington et al. used a battery of behavioral assays to assess 
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cognitive and emotional deficits including the elevated plus maze for evaluation of 

anxiety-like behavior, the forced swim test for depression-like phenotypes, and the 

Morris water maze to examine deficits in spatial learning and memory (Washington et al., 

2012). Using juvenile exposure to a closed-head mild modification to the CCI, 

Rodriguez-Grande et al. also report long-term cognitive deficits including increased 

anxiety behavior assessed by the open-field test (Rodriguez-Grande et al., 2018). Several 

studies have reproduced social deficits observed after early-life TBI (Meadows et al., 

2017; Ryan et al., 2018). For instance, Mychasiuk and colleagues recorded and analyzed 

play/fight behaviors following juvenile exposure to the weight drop TBI model and found 

that rats with a history of brain injury exhibited reductions in play behaviors (Mychasiuk, 

Hehar, Farran, & Esser, 2014). Similarly, utilizing a three-chamber apparatus to measure 

social interaction, Yu et al. reported that injured mice with a history of repeated, mild 

CCI injury demonstrated deficits in social interaction (Yu et al., 2017). Behavioral assays 

such as the five-choice serial reaction time task (SRTT) can also be combined with TBI 

models and used to characterize deficits in impulsivity which are commonly reported 

following TBI during childhood (Rhine et al., 2018; Wade et al., 2017). The findings of 

Mychasiuk as well as Hehar and colleagues showed that after juvenile weight drop 

exposure, inaccurate responding and reduced control of inhibitory responding in the 

SRTT task were higher among injured rats, indicative of increased impulsivity (Hehar, 

Yeates, Kolb, Esser, & Mychasiuk, 2015; Mychasiuk et al., 2014).  

Recent studies have begun to combine the prevailing models of TBI with assays 

that measure operant and drug-seeking behavior such as the conditioned place preference 

and intravenous self-administration (S. F. Merkel et al., 2017; Vonder Haar et al., 2018). 
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Therefore, pre-clinical models of early-life TBI represent a powerful tool that can be used 

to continue to study injury-induced susceptibility to psychiatric disorders seen in 

childhood TBI including depression, anxiety, conduct disorders, and drug addiction as 

causal mechanisms underlying this association remain unknown.  

TBI Neuropathology and Neuroinflammation 

When TBI occurs, the inflicted damage occurs at different stages. The first stage 

encompasses the initial impact and the damage occurs within seconds to minutes. During 

this time, there can be fracture of the skull, axonal shearing, disruption of the vasculature 

and cell death at the site of impact. This is known as the primary injury. Then, after 

minutes and up to several weeks following the initial injury, patients experience a 

secondary stage of injury (K. R. Walker & Tesco, 2013). Metabolic changes begin to 

occur which can include an increase in the production of free radicals, oxidative stress, 

and inflammation. Secondary injury can initiate remodeling of the vasculature and 

programmed cell death by apoptosis and astrogliosis continues (Lozano et al., 2015; 

Lutton et al., 2017). Unfortunately, the damage does not stop there. Months and even 

years after the initial injury there can be changes in gene expression as well as alterations 

in ion channels and processes of cellular signaling. Even regenerative processes can alter 

the myelination and stability of neurocircuitry resulting in continued cell death and 

synaptic dysfunction (Johnson et al., 2013; Perez et al., 2016a). Importantly, these injury 

processes have recently been reported to occur not only at the initial site of injury, but 

also in distal brain nuclei such as the corticostriatal regions comprising the reward 

pathway (S. F. Merkel et al., 2017).  
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The Reward Pathway 

Development and Maturation of Reward Circuits 

Cognitive, emotional, and behavioral deficits seen in humans and recapitulated by 

animal models of early-life TBI can be attributed to immaturity of brain systems within 

the prefrontal cortex (PFC) associated with executive functioning and higher-order 

thinking, changes induced by the injury itself, or both. In fact, adolescence is a 

developmental period classically known to be characterized by increases in sensation-

seeking, poor impulse-control, and deficient problem-solving (D. M. Walker et al., 2017; 

Williams et al., 2018). Anatomical and functional brain networks that connect PFC with 

mesolimbic nuclei such as the nucleus accumbens (NAc) and the ventral tegmental area 

(VTA) comprise the network affected by the pathophysiology of substance abuse, have 

been implicated in deficits of processing rewarding stimuli, and remain underdeveloped 

during adolescence (Hartley & Somerville, 2015). Maturation of dopaminergic 

projections that innervate the PFC is associated with linear increases in white matter tract 

volume from childhood to adulthood (Naneix, Marchand, Di Scala, Pape, & Coutureau, 

2012; D. M. Walker et al., 2017). Ongoing myelinogenesis that mediates white matter 

connectivity is associated with strengthening of neural signaling, executive control, and 

higher order cognitive functions (Schmithorst & Yuan, 2010) (Fig. 1).  

Likewise, grey matter maturation is another ongoing process during adolescence. 

However, gray matter volume is reported to peak earlier in life and begins to decline 

during adolescence due to processes of synaptic pruning (Gogtay et al., 2004; Tau & 

Peterson, 2010). Neuronal synapse formation and elimination by pruning is an important  
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Figure 1. Schematic of myelinogenesis in mouse and human early-life development. 
The demonstrated peak of myelination and strengthening of white matter tracts during 
young adulthood, is shown at 8 weeks old in mice (blue line) and at 19 years old in humans 
(black line). Studies within this dissertation were designed to capture the window of 
increased risk of experiencing a TBI during adolescence (15-19 years old in humans), a 
developmental period where synaptic pruning and myelinogenesis remain ongoing (6 
weeks old in mice). Schematic is adapted from (Hammelrath et al., 2016) and (Grydeland 
et al., 2019) for mouse and human cortical myelination, respectively.   
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aspect normal synaptic development (Paolicelli et al., 2011; Wake, Moorhouse, 

Miyamoto, & Nabekura, 2013).  

Particularly within the reward pathway (PFC, NAc, VTA), we recently reported 

aberrant microglial engulfment of synaptic proteins and decreased synaptic spine density 

following adolescent TBI in mice (Cannella et al., 2019). Plasticity changes within the 

NAc during adolescence involves microglial-mediated synaptic pruning and maturation 

of dopaminergic signaling in response to reward-motivated behaviors. In adolescent 

rodents, Kopec et al. reported microglial involvement in changes in dopamine receptor 

expression in the NAc (Kopec, Smith, Ayre, Sweat, & Bilbo, 2018). Therefore, when TBI 

occurs during adolescence, the dynamic maturation of anatomical and functional brain 

networks, such as the reward pathway, are interrupted. This likely contributes to 

cognitive and behavioral deficits such as SUD reported in patients with history of early-

life TBI.  

Anatomical Alterations to the Maturing Brain 

Additional long-term consequences seen after pediatric brain injury include 

structural changes to brain regions beyond the area of impact. Damage to both grey and 

white matter in brain areas distal from the point of impact can affect ongoing maturation 

of neuronal networks being developed. Unfortunately, these structural deviations are 

often associated with long-term deficits since the changes do not occur or are not 

detectable immediately. Advances in neuroimaging technologies allow both clinical and 

preclinical researchers to visualize disruptions and alterations following early-life TBI 

and address adverse behaviors correlated with these gross anatomical differences. For 

example, magnetic resonance (MR) diffusion tensor imaging (DTI) is a neuroimaging 
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technique that can be applied to both human TBI patients and preclinical animal models 

of TBI. DTI creates contrasted MR images of the brain based on the diffusion pattern of 

water along the brain’s white matter tracts.  

In clinical studies of pediatric brain injury, DTI has been a useful imaging 

technique in identifying brain regions vulnerable to white matter damage. Specifically, 

Ryan and colleagues determined that in a population of 95 children, 53 of which suffered 

pediatric TBI, injury-induced microstructural damage to white matter and abnormalities 

in diffusion patterns in the corpus callosum (CC), middle and superior cerebellar 

peduncles, uncinate fasciculus, sagittal stratum, and dorsal cingulum were predictive of 

poorer social and cognitive performance at both 6- and 24-months post injury. 

Ultimately, these authors concluded that forces of acceleration and deceleration of 

childhood TBI lead to vulnerability of white matter tracts within fronto-temporal, limbic, 

and projection fibers (Ryan et al., 2018). Fronto-temporal and limbic projections are 

known to be involved in several cognitive processes including learning, memory, and 

emotional regulation, likely contributing to social and cognitive deficits that persist long-

term following early-life TBI. Furthermore, in a study of young adults (mean age 22), 

Shah et al. tested the relationship between cognitive performance and DTI at 6 months 

post TBI. Their findings demonstrated asymmetrical white matter micro-tears, 

discontinuity, and ultimately decreased volume of the left ventral striatum in TBI 

patients, indicative of damage to deeper brain structures important for processing 

rewarding and reinforcing stimuli (Shah et al., 2012). In fact, white matter tracts known 

as the anterior commissure project directly through the NAc. Together, these results 

highlight the impact of TBI on brain regions distal from the area of impact. This research 



 12 

implies that damage at the impact and in these distal regions related to the 

pathophysiology of SUD contribute to long-term psychiatric disorders seen in patients 

with a history of early-life TBI. However, further clinical research that considers both the 

damage to the area directly insulted and projecting to areas of the brain that are 

associated with psychiatric disorders and TBI-related SUD, is critical. 

Using DTI in mice, Rodriguez-Grande and colleagues found that distortions to 

white-matter tracts following exposure to juvenile mild CCI were not detectable at acute 

time points post injury, indicating their primary injury model was not severe enough to 

induce white matter alterations directly. However, their study reported breakdown and 

fragmentation of myelin as measured by increased quantification of myelin basic protein 

at 7 days post injury and significant white matter alteration in the CC 30 days post injury. 

Interestingly, white matter damage detected at later time points was correlated with long-

term cognitive and anxiety behavioral deficits (Rodriguez-Grande et al., 2018). Yu et al. 

also used DTI in their animal model of repetitive mild TBI. This study looked at the 

chronic effects of repetitive injuries on white matter integrity by administering TBI in 8-

week-old mice and examining longitudinal outcomes at 3, 6, and 42 days post injury. In 

addition to anisotropic alterations to the CC, their data also demonstrated white matter 

damage to cortical brain regions 6 weeks post injury. The cortical damage encapsulated 

the anterior cingulate cortex which is a brain region implicated in social behaviors. The 

chronic white matter changes were correlated with the functional deficits in social 

interaction as described above (Yu et al., 2017). These findings further support the notion 

that the vulnerability to structural damage induced by TBI is long-lasting and can be 

brain region dependent. As this area of research has not been fully explored, prospective 
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preclinical research will continue to benefit from utilizing advances in neuroimaging 

techniques to better understand TBI pathology in deeper brain structures including the 

mesolimbic reward pathway of drug addiction.  

TBI-Induced Inflammatory Markers 

A key secondary mechanism of TBI pathology is neuroinflammation (K. R. 

Walker & Tesco, 2013). The neuroinflammatory response is a well-established 

consequence of TBI that can be robust and persist for years after a single injury (Johnson 

et al., 2013). The inflammatory response to the initial injury itself is well characterized by 

activation of glial cells at the area of impact. Microglia, the primary source for immune 

defense in the central nervous system (CNS), use phagocytic and cytotoxic mechanisms 

to maintain homeostasis during immune responses to injury conditions such as TBI. 

Recently, we also reported glial activation following early-life TBI in distal brain regions 

including the PFC, NAc, and VTA (S. F. Merkel et al., 2016; S. F. Merkel et al., 2017). 

Specifically, the presence of distinct pro-inflammatory genes upregulated in the NAc two 

weeks following adolescent CCI in mice was observed. Subsequent studies demonstrated 

that administration of an anti-inflammatory synthetic corticosteroid reduced microglial 

and astroglial activation in the NAc (S. F. Merkel et al., 2016). Similarly, at two weeks 

following adolescent CCI TBI, Karelina et al. found that treatment with minocycline, a 

tetracycline antibiotic commonly used to inhibit microglial activation, attenuated 

production of cytokines such as interleukin-1 beta (IL-1b) as well as microglial activation 

within the NAc (Karelina, Nicholson, & Weil, 2018).  

Prior to the peak activation of microglia, TBI stimulates the release of 

inflammatory cytokines and chemokines which then stimulate the infiltration of immune 
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cells such as neutrophils and monocytes/macrophages (Beschorner et al., 2002; Loane & 

Byrnes, 2010). The functional role of neutrophil and monocyte subtypes is not well 

understood, and long-term inflammatory cellular accumulation can be detrimental. 

Following inhibition of neutrophil elastase, a proteolytic enzyme secreted by activated 

neutrophils, Semple et al. demonstrated attenuated inflammatory profiles of the cortex 

and hippocampus as measured by decreased cell death and rescued cognitive behaviors 

after administration of CCI in juvenile mice (Semple, Trivedi, Gimlin, & Noble-

Haeusslein, 2015). Recently, using flow cytometry to characterize infiltrating monocytes 

two weeks following CCI, we found that compared to the adult inflammatory response 

that resolved by 14 days after TBI, mice that experienced TBI during adolescence 

demonstrated persistent immune cell infiltration that was still markedly detectable at 28 

days post injury both globally in the injured hemisphere as well as in isolated NAc 

regions (Cannella et al., 2019). Taken together, these results support the notion that 

persistent inflammation within the reward pathway induced by TBI may then contribute 

to increased drug-seeking behaviors seen in TBI-related SUD.  

Blood-Brain Barrier Hyperpermeability 

Loss of blood-brain barrier (BBB) integrity is another hallmark pathological 

consequence of secondary injury after TBI (Lozano et al., 2015). Biomechanical forces 

and biochemical insults of TBI induce vascular disruptions which breach the neuronal 

microenvironment and foster the propagation of injury resulting in hyperpermeability, 

microhemorrhages, and rupture of capillaries. Age differences in indicators of BBB 

permeability after TBI, such as brain edema and water content, demonstrate more 

progressive pathology in patients who experience early-life TBI (Fukuda et al., 2012). 
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Unresolved BBB damage can lead to continued and proliferative inflammation and put 

patients at prolonged risk for serious CNS consequences after the initial injury (Ichkova 

et al., 2017). Clinically, computerized tomography (CT) scans used to assess TBI severity 

typically present as normal in patients with mild TBI and concussions due to the limited 

ability for these scans to reveal ultrastructural damage to the vasculature in deeper brain 

regions (Gill et al., 2018).  

Preclinical studies utilize a plethora of techniques to quantify BBB 

hyperpermeability following TBI including extravasation of molecules that are too large 

to cross the BBB in the absence of damage. For example, Rodriguez-Grande et al. 

quantified the extravasation of immunoglobulin G (IgG) 24 hours post juvenile mild CCI 

and reported an increase in BBB permeability in the CC (Rodriguez-Grande et al., 2018). 

Similarly, we also observed BBB leakage in brain parenchyma 48 hours post adolescent 

CCI by immunohistochemical detection of fibrinogen, a plasma protein that does not 

cross the BBB under normal conditions (Lutton et al., 2017). The expression of tight 

junction protein (TJP) complexes that line cerebral vessels and form the physical barrier 

between the blood and the brain, has also been utilized as an indicator of BBB 

breakdown. Using CCI in juvenile rats, Badaut et al. found that the TJP claudin-5 

exhibited a bi-phasic response that correlated with IgG extravasation. Specifically, they 

report a 21% decrease of expression of claudin-5 which coincided with peak IgG 

extravasation at 3 days post injury. However, at 7 days post injury, IgG extravasation 

normalized and was associated with a 39% increase in claudin-5 expression (Badaut, 

Ajao, Sorensen, Fukuda, & Pellerin, 2015). Although there are many techniques for 

quantifying damage to the BBB, more studies are needed to fully understand TBI induced 
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BBB permeability. In this case, preclinical research identifying damage to vasculature in 

deeper brain regions would greatly increase translatability clinical studies of human TBI 

patients. Damage to brain vasculature and loss of BBB integrity can also be inferred from 

increased concentrations of proteins in peripheral blood that are typically expressed 

intracellularly by cells of the CNS. For example, in a study examining blood-based 

biomarkers for diagnostic efficacy in mild TBI, Gill and colleagues found that blood 

levels of CNS cellular proteins such as tau, glial fibrillary acidic protein, and 

neurofilament light chain, demonstrated good discriminatory power to detect MRI 

abnormalities even when CT scans were unable to detect ultrastructural damage to mild 

TBI and concussion patients (Gill et al., 2018). Preclinical and clinical research on BBB 

hyperpermeability in additional brain regions and long-term consequences is imperative. 

Synaptic Alterations 

Acute neuronal cell death contributes to the known pathology of the primary stage 

of injury following TBI. Furthermore, chronic changes in neuronal morphology and 

synaptic characterization in the absence of cell death also occur after TBI (Perez et al., 

2016b). Preclinical studies offer a distinct advantage of studying synaptic alterations 

following early-life TBI as cellular changes can only be evaluated post-mortem in clinical 

TBI cases. Using the FPI model of mild TBI in rats, Zhao et al. reported that in the 

absence of neuronal cell loss, TBI resulted in reduced spine density of pyramidal neurons 

in the infralimbic cortex of the PFC by golgi-cox analysis (Zhao et al., 2018). 

Comparably, Semple et al. evaluated morphological alterations of pyramidal neurons in 

the PFC and granule cells of the hippocampus and described reduced dendritic 

complexity associated with deficits in social interaction behaviors after pediatric CCI 
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(Semple, Dixit, Shultz, Boon, & O'Brien, 2017). In contrast, following juvenile exposure 

to the weight drop TBI model, Mychasiuk et al. demonstrated increased dendritic length, 

increased spine density, and overall greater complexity of neurons analyzed from the 

anterior cingulate region of the PFC. Whereas typically these neuronal characterizations 

would be considered neuroprotective, the authors describe maladaptive synaptic pruning 

during adolescent development as a consequence of brain injury in mice (Mychasiuk, 

Hehar, Ma, Kolb, & Esser, 2015). Aberrant synaptic pruning has been linked to 

neurological dysfunction and seen in psychiatric disorders such as schizophrenia, autism, 

and SUD (Forsyth & Lewis, 2017; Kim et al., 2017; Kogachi, Chang, Alicata, 

Cunningham, & Ernst, 2017) 

Hehar et al. examined morphology and synaptic alterations of medium spiny 

neurons in the NAc two weeks following the weight drop of mild TBI in juvenile rats and 

demonstrated injury-dependent reductions in both dendritic length and spine density 

associated with increased impulsivity behaviors (Hehar et al., 2015). Likewise, we 

measured changes in morphology and arborization of medium spiny neurons in the NAc 

two weeks following either adolescent or adult CCI TBI. We found that only moderate 

adolescent CCI induced significant reductions in dendritic length, dendritic complexity 

and arborization, and spine density compared to either mild CCI or adult CCI. Notably, 

we also reported increased spine length following adolescent CCI in the NAc, indicative 

of increased long, thin spines known to be easily excitable. These neuronal 

morphological changes in the NAc were associated with increased sensitivity to the 

rewarding effects of cocaine (Cannella et al., 2019). 
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Changes to the Dopaminergic System 

Dopamine (DA) is the primary CNS neurotransmitter that underlies reward-

motivated behaviors. The DA pathway is comprised of anatomical and functional 

connectivity between dopamine neurons that project from the VTA and release DA into 

the NAc. In a clinical setting, Donnemiller and colleagues showed that even several 

months after the initial injury, adults with TBI demonstrated detectable deficits in striatal 

DA signaling using single-photon emission tomography imaging and radio-labeled 

tracers that bind to the DA transporter (DAT) (Donnemiller et al., 2000). The effect of 

brain injury on DA signaling has been implicated in the negative psychiatric sequelae 

afflicting TBI patients. Therefore, DA has been a targetable system with therapeutic 

potential for recovery. Treatment with DA agonists has shown improved executive 

cognitive function in humans (Kraus et al., 2005) and improved neuronal modulation in 

animals (L. B. Goldstein, 1993).  

Preclinically, several studies have demonstrated changes to the DA system in 

animal models of early-life TBI. For example, using fast-scan cyclic voltammetry, Chen 

et al. reported that adolescent rats exposed to the FPI model of brain injury demonstrated 

significant deficits in both DA release and reuptake within the NAc for up to two-weeks 

post TBI, with greater effects in the NAc core (Y. H. Chen et al., 2017). These deficits 

normalized and returned to baseline DA levels at 4 weeks post injury suggestive of a 

temporal hypodopaminergic state following adolescent TBI. These authors expanded 

upon these findings in an additional study where they again found that DA release was 

suppressed by FPI and in the presence of nicotine desensitization, DA release remained 

proportionally suppressed after FPI (Y. H. Chen et al., 2018). Taken together these results 
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suggest drug sensitivity was affected by TBI-suppressed DA release and a reward 

response required a significantly stronger stimulus. Further, Karelina et al. also report a 

hypodopaminergic state as assessed by decreased quantification of tyrosine hydroxylase, 

the precursor enzyme in DA synthesis, in the VTA, and reduced expression of DAT in 

the NAc dopamine D2 receptor (DR2) in the striatum following juvenile CCI that 

persisted into adulthood when analyzed 7 weeks post injury (Karelina, Gaier, & Weil, 

2017). The findings of these studies highlight the importance of considering deficits in 

DA release and reuptake in juvenile and pediatric TBI patients in order to assess long-

term consequences and vulnerability to SUD mediated by dysfunction of the DA system. 

However, since the effects of TBI on the DA system are not fully understood, further 

research investigating TBI-induced DA dysfunction and increased risk for SUD 

development is needed 

Traumatic Brain Injury and Addiction 

Several studies have demonstrated an increased risk for SUD in adults with a 

history of TBI (Corrigan, Bogner, & Holloman, 2012; Whelan-Goodinson et al., 2009). 

For example, recent data from the 2012-2013 National Epidemiologic Survey on Alcohol 

and Related Conditions revealed that TBI was significantly associated with past year 

SUD (Vaughn et al., 2018). McHugo et al. assessed the rate and severity of TBI among 

295 people in an outpatient mental health facility diagnosed with comorbid mental health 

disorders and SUD and found that 80% of these patients tested positive for a history of 

TBI according to the Ohio State University TBI Identification Method (McHugo et al., 

2017). Additionally, in a study of electronic data of U.S. Military personnel, Miller et al. 

reported higher rates of comorbid addiction-related disorders among soldiers with history 
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of mild TBI across all three periods post injury (1–30 days, 31–179 days, and >180 days 

post injury) (Miller et al., 2013).  

Clinical History of TBI and Substance Use Disorders (SUD) 

Clinical studies have recently identified TBI experienced during childhood and/or 

adolescence as a risk factor for being vulnerable to problematic drug use (Corrigan et al., 

2013; Ilie et al., 2016). However, it is not known whether the specific age of injury (early 

childhood vs adolescence) can differentiate which population is at greatest risk of SUD 

development (see Age of Injury in Risk of SUD after TBI for more details). Furthermore, 

Kennedy et al. performed a longitudinal study of 14,541 patients recruited in England 

followed since birth and assessed the association of TBI with psychiatric symptoms at 

age 17. Their findings demonstrated an increased risk of problematic alcohol use in 

participants with a history of TBI compared to those who experienced an orthopedic 

injury or no injury (Kennedy et al., 2017). In another longitudinal birth cohort study of 

1,265 children by McKinlay et al., SUD assessed between ages 14-16 were significantly 

more prevalent in children with a history of being hospitalized for TBI before the age of 5 

(McKinlay, Grace, Horwood, Fergusson, & MacFarlane, 2009). Similarly, in a study of 

636 inmates of the South Carolina Department of Corrections showed that those who had 

experienced their first TBI prior to age 13 reported a higher percentage of illicit drug use, 

compared to those that had a TBI after 13 or had no injury (Fishbein, Dariotis, Ferguson, 

& Pickelsimer, 2016). While such longitudinal findings implicate early-life TBI in 

adverse neurodevelopmental changes that could then increase susceptibility to SUD, 

more research is needed to better understand the long-term effects of childhood and 

adolescent injury.  
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Preclinical Evidence of Early-Life TBI and SUD 

  Although preclinical TBI research has advanced our understanding of the 

progression of brain injury pathology and its impact on various aspects of behavior, 

studies on how TBI affects addiction vulnerability are lacking. In fact, only a limited 

number of reports investigate assays of drug reward and reinforcement despite SUD 

being the third most frequent neuropsychiatric diagnoses among individuals with TBI 

(Whelan-Goodinson et al., 2009). Further, the majority of these studies have only 

examined SUD in the context of adult brain injury and have produced conflicting results. 

For example, using a two-bottle choice assay to quantify differences in alcohol 

consumption, Lim et al. report comparable rates of alcohol intake in rats exposed to a 

blast model of mild TBI compared to controls (Y. W. Lim et al., 2015). By contrast, work 

by Mayeux et al. revealed augmented alcohol self-administration in adult rats following 

TBI induced by the FPI model (Mayeux, Teng, Katz, Gilpin, & Molina, 2015). Recent 

work extends SUD after adult TBI research beyond the scope of alcohol and has tested 

the effects of brain injury on psychostimulant self-administration using cocaine. 

Specifically, Muelbl et al. analyzed cocaine self-administration following exposure to 

mild blast TBI and while they did not report differences in cocaine intake, the authors 

described cognitive deficits in operant learning in the injured rats compared to controls as 

measured by increased errors during self-administration acquisition (Muelbl et al., 2018). 

Although Muelbl et al. observed no distinctions in drug-seeking behavior in their brain 

injury model, a study by Vonder Haar et al. revealed significant increases in cocaine 

infusions in the self-administration assay following both mild and severe CCI TBI 

(Vonder Haar et al., 2018).  
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  While these studies corroborate the link of increased risk of SUD following TBI 

that occurs during adulthood, investigations that model early-life TBI are nearly absent 

from the literature. Studies by Weil et al. have assessed the impact of juvenile TBI on 

alcohol consumption later in life. Specifically, 21-day-old mice that suffered a closed-

head injury demonstrated increased alcohol place preference in the conditioned place 

preference (CPP) assay and increased alcohol consumption quantified in the two-bottle 

choice test during adulthood (Weil, Karelina, Gaier, Corrigan, & Corrigan, 2016). 

Karelina et al. expanded these findings by replicating the effect of juvenile TBI on 

increased alcohol intake which was attenuated by minocycline treatment (Karelina et al., 

2018). While these two studies have demonstrated that juvenile TBI increases alcohol 

consumption, our previous report was the first to assess the effects of adolescent TBI on 

the rewarding effects of cocaine (S. F. Merkel et al., 2017). Our recent work extends 

these findings and suggests that TBI during adolescence, a developmental period 

characterized by ongoing maturation of the reward pathway, increased sensitivity to the 

rewarding efficacy of a subthreshold dose of cocaine (Cannella et al., 2019). Collectively 

the preclinical literature investigating the link between TBI and SUD demonstrates that 

early-life brain injury exacerbates alcohol and cocaine addiction vulnerability. However, 

whether this phenomenon generalizes to other drugs of abuse is unknown as animal 

models have yet to investigate the effects of juvenile TBI on the rewarding effects of 

other substances such as opioids or marijuana. Further, studies so far have only tested 

SUD outcomes following a single TBI impact. Therefore, future studies may aim to 

investigate repetitive injury modeling, representative of multiple concussions as 
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commonly experienced in adolescent participation in contact sports and subsequent 

vulnerability to SUD.  

Confounding Variables of TBI-related SUD 

Sex as a Biological Variable Underlying SUD after TBI 

One potential factor that could influence the risk of SUD following early-life TBI 

and SUD susceptibility is biological sex. Unfortunately, TBI and the effect of sex is 

understudied and sex-dependent outcomes following TBI remain controversial. The 

studies discussed in this section highlight the need for further research to better 

understand how females are affected by TBI compared to males, particularly in the 

context of SUD vulnerability.  

In the context of early-life TBI, sex-specific fluctuating hormones can only be 

considered as a potential contributing factor of TBI-related sex differences in outcomes 

after the onset of puberty, typically having occurred by age 13. For instance, using data 

from the National Trauma Data Bank Research Data Sets from 2007-2008, Ley et al. 

suggested that hormonal differences may contribute to sex differences in rates of 

mortality following isolated, moderate-to-severe TBI as they report lower mortality rates 

in postpubescent female TBI patients (aged 13-18 years old) compared to males, yet no 

difference in mortality rates between male and female pre-pubescent patients (aged 0-12 

years old) patients (Ley et al., 2013). However, when the outcomes evaluated extend 

beyond rates of mortality and consider the development of long-lasting psychiatric 

disorders such as SUD, clinical studies report sex-specific effects but do not typically 

consider hormonal status at the time of early-life TBI. In a study of 9,299 students 

enrolled in grades 7 through 12, Ilie and colleagues found that among long-term 
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consequences examined, adolescent males with a history of TBI were more likely to 

report daily nicotine use while adolescent females with a history of TBI were more likely 

to report increased alcohol use in the past year (Ilie et al., 2016). Similarly, in an 

assessment of neuropsychiatric outcomes among New Zealanders with a history of either 

moderate/severe childhood TBI (aged 0-17 years old), mild childhood TBI, or an 

orthopedic childhood injury, Scott et al. found that males and females displayed 

significant differences in internalizing versus externalizing behaviors such that males 

were more likely to report substance abuse/dependence (DSM-IV-TR criteria) and 

females reported higher rates of anxiety and depression, the effects of which were then 

increased further in those with a history of childhood TBI (Scott et al., 2015). It is 

important to note that psychosocial norms related to reporting symptoms of physical and 

mental health among females versus males may also influence sex differences in 

internalizing and externalizing behaviors observed in TBI and SUD populations. 

The majority of the preclinical studies exploring the link between early-life TBI 

and SUD discussed above included the use of only male animals. Notably, preclinical 

studies that consider levels of fluctuating sex hormones in the extent that sex differences 

may mediate the risk of SUD after early-life TBI are also limited by animal age. For 

example, Weil et al found increase alcohol consumption in female mice with a history of 

juvenile CCI-TBI at post-natal day 21, prior to the age of onset of the estrous cycle (Weil, 

Karelina, et al., 2016). Our group has begun to assess estrous phase at the time of injury 

in adolescent female mice and determine the effect on increased vulnerability to cocaine 

conditioned preference. Unlike our observations in male mice discussed above, 

preliminary results suggest that after adolescent CCI-TBI, females do not demonstrate 
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increased drug-seeking behaviors and that higher levels of estrogen and progesterone at 

the time of injury may be protective against augmented cocaine CPP shifts. The role of 

sex-specific hormones, particularly progesterone and estrogen, has been extensively 

investigated preclinically and has reproducibly exhibited neuroprotective effects 

following experimental TBI. Independently, the work of Roof et al., O’Connor et al., and 

Garcia-Estrada et al. each demonstrated that female hormones reduced brain edema and 

inflammation in animal models of contusion injury, diffuse axonal TBI, and penetrating 

brain injury, respectively (Garcia-Estrada, Del Rio, Luquin, Soriano, & Garcia-Segura, 

1993; O'Connor, Cernak, & Vink, 2005; Roof, Duvdevani, & Stein, 1993). However, 

after being tested in phase 3 clinical trials in human TBI patients, progesterone failed to 

demonstrate an advantage in mortality rates compared to placebo and these trials were 

discontinued (F. C. Goldstein et al., 2017; Lu, Sun, Li, & Lu, 2016). Additional research 

investigating the influence of sex as a biological factor on outcomes following early-life 

TBI such as SUD vulnerability is critical, particularly among post-pubescent adolescent 

patients where fluctuating hormone levels can be taken into consideration. Further studies 

will improve the understanding and awareness of sex-specific vulnerabilities to TBI and 

interactions with persistent psychiatric problems like SUD and will advance individual 

strategies for treatment.  

Age of Injury in Risk of SUD after TBI 

Another factor that could potentially escalate SUD susceptibility after early-life 

TBI is the age at the time the initial injury occurs. As discussed above, early childhood 

brain development and function may represent a period of vulnerability to damage 

inflicted by TBI. Further, dynamic alterations in plasticity and strengthening of brain 
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networks that mediate executive cognitive functions maturing throughout adolescence are 

likely also sensitive to external insults. A comprehensive review of how age of injury can 

be considered as a factor for increased risk of SUD or alcohol use disorder after TBI have 

been previously described by our group and Weil et al, respectively (S. F. Merkel, 

Cannella, L. A., Razmpour, R., Lutton, E., Raghupathi, R., Rawls, S. M., & Ramirez, S. 

H., 2017; Weil, Corrigan, & Karelina, 2016). Yet, research continues to support the 

notion that age at the time of injury can mediate risk of SUD after early-life TBI. For 

example, McKinlay et al. extended their analysis of the birth cohort of children of the 

Christchurch Health and Development Study in New Zealand and found significant 

correlation between early childhood (age 0-5 years old) and adolescent (age 16-21 years 

old) TBI that required inpatient treatment and later alcohol and drug dependence (age 16-

25 and 21-25, respectively) but no significant association if TBI occurred between ages 

5-15 years old (McKinlay, Corrigan, Horwood, & Fergusson, 2014). Furthermore, 

Kennedy and colleagues also investigated the association between age of injury and 

psychiatric symptoms, substance use, and criminal behaviors assessed at 17 years old and 

found that childhood (age 0-11 years old) TBI was correlated with problematic cannabis 

use while adolescent (age 12-16 years old) TBI was correlated with problematic cannabis 

and alcohol use compared to controls who experienced age-matched orthopedic injuries 

(Kennedy et al., 2017).  

Adolescence is a developmental period in animal models of SUD that is 

associated with increased sensitivity to the rewarding effects of drugs of abuse. For 

example, although not in the context of TBI, Zakharova et al. found that adolescent male 

rats developed a significant cocaine CPP shift at lower cocaine doses than adult rats 
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(Zakharova, Wade, & Izenwasser, 2009). Badanich and colleagues also found that 

adolescent rats were more likely to establish CPP to subthreshold cocaine doses and that 

ontogenetic differences in DA release and reuptake, as measured by microdialysis, may 

account for age-specific sensitivities to the reinforcing properties of cocaine, and 

ultimately increased vulnerability to addiction during adolescence (Badanich, Adler, & 

Kirstein, 2006). Similar to our findings, in a neurochemical brain injury model induced 

by administration of the dopaminergic neurotoxin 6-hydroxydopamine, Schenk and 

colleagues reported that lesioned rats reliably responded for the subthreshold intravenous 

doses of self-administered cocaine, suggestive of increased sensitivity to the rewarding 

effects of cocaine (Schenk, Horger, Peltier, & Shelton, 1991). Our recent study is the first 

to report increased sensitivity to subthreshold doses of cocaine if CCI-TBI occurred 

during adolescence but not if CCI-TBI occurred during adulthood (Cannella et al., 2019).  

 Collectively, these studies suggest that age of injury is an important confounding 

variable to consider in the link between early-life TBI and SUD. Causal relationships 

between age of TBI and risk of problematic drug and alcohol use later in life is still 

unknown as several factors have been shown to characterize this risk. Thus, more specific 

details regarding age at the time TBI occurred rather than binary history of TBI or no 

history of TBI should be considered in future prospective and retrospective studies 

investigating the association of early-life TBI and SUD.  

Intrinsic versus Extrinsic Factors that affect SUD after TBI 

 Both intrinsic factors, such as comorbid neuropsychiatric disorders, and extrinsic 

factors including the patient’s home and family environment exemplify additional 

confounding variables that can influence SUD development following early-life TBI. 



 28 

Studies that have assessed diagnosis of SUD after history of TBI typically adjust the 

analysis using confounding factors rather considering these as independent variables. For 

example, in an adult population, Vaughn et al. report a significant correlation of past year 

TBI with SUD after adjusting for age, sex, race/ethnicity, socioeconomic status (SES), 

education, and parental history of psychiatric disorders (Vaughn et al., 2018). In a 

population with childhood TBI, Kennedy and colleagues found TBI was associated with 

problematic alcohol use after adjusting for mother’s age and education at birth, social 

class, self-reported parenting style, and maternal drug use (Kennedy et al., 2017). These 

findings imply that SUD risk is increased following TBI if such confounding variables 

are controlled for. However, intrinsic and extrinsic factors are important considerations 

that can directly influence long-term outcomes.  

As mentioned above, the development of anxiety and depression represent the 

most common neuropsychiatric disorders that TBI patients experience, and similar to the 

general population, often account for comorbid diagnoses seen in TBI-SUD patients 

(Vaughn et al., 2018; Whelan-Goodinson et al., 2009). Just as TBI has been shown to 

compromise areas of the brain important for the processing of reward and drug-induced 

euphoria such as NAc, PFC, and VTA, childhood brain injury can also negatively impact 

areas involved in cognitive and emotional regulation linked to anxiety and depression 

such as the amygdala and hippocampus (Beauchamp et al., 2011). Risk of psychiatric 

disorders such anxiety and depression after early-life TBI is likely regulated by a 

complex combination of injury-induced anatomical alterations, neurochemical 

dysfunction, and psychosocial factors. Individuals diagnosed with mood disorders after 

experiencing TBI during childhood could turn to drugs of abuse as a maladaptive coping 
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strategy to manage symptoms of underlying psychiatric disorders. For instance, Wills and 

Filer suggested that in attempts to alleviate depressed or anxious symptoms, adolescents 

may participate in substance use as a coping strategy (Wills & Filer, 1996). However, 

even in adults, studies investigating the link between self-medicating to treat 

neuropsychiatric disorders and SUD development are limited and controversial. In a 

study of 494 hospitalized drug abusers, Weiss and colleagues reported the majority of 

patients used drugs to reduce symptoms of depression (Weiss, Griffin, & Mirin, 1992); 

however, in a study of 70 patients undergoing methadone maintenance treatment, Hall 

and Queener failed to show an association between substance use as a means to cope with 

symptoms of anxiety and depression (Hall & Queener, 2007).  

Risk of Secondary Attention-Deficit/Hyperactivity Disorder (SADHD) has also 

been reported following early-life TBI (Narad et al., 2018). In a study of 200 children 

(aged 5-17 years old), Schachar and colleagues found that SADHD and symptoms of 

anxiety were significantly more frequent among children that experienced TBI at least 2 

years prior and that the interaction of TBI and SADHD was predictive of deficits in 

measurements of impulsivity and response inhibition (Schachar, Levin, Max, Purvis, & 

Chen, 2004). Impulsivity and response inhibition deficits have been extensively described 

as risk factors for the development of SUD (Groman, James, & Jentsch, 2009; Kozak et 

al., 2018; Lawrence, Luty, Bogdan, Sahakian, & Clark, 2009). Taken together, these 

findings suggest that individuals with a history of early-life TBI may be more likely to 

develop SUD as a consequence of confounding intrinsic factors such as comorbid 

neuropsychiatric disorders.  
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The extrinsic factor SES can financially regulate a patient’s access to innovative 

treatment approaches, state-of-the-art rehabilitation centers, and education about the care 

needed, which may then affect long-term outcomes. However, the support systems 

available to patients, particularly those that experience TBI during earlier childhood 

years, has shown a strong correlation with prognosis as several studies support the notion 

that the home environment has a significant effect on outcome following early-life TBI 

(Anderson et al., 2006; Wade, Zhang, Yeates, Stancin, & Taylor, 2016; Yeates, Taylor, 

Walz, Stancin, & Wade, 2010). Specifically, in a study of 550 SUD patients entered in an 

Alcohol-Drug Program, Felde and colleagues described extrinsic factors such as loss of a 

parent during childhood and childhood behavior problems (e.g. truancy, delinquency, 

vandalism, etc.) as strongly associated with a history of TBI (Felde, Westermeyer, & 

Thuras, 2006). Likewise, in a study of 723 adolescent residents of the Missouri Division 

of Youth Services, Perron and Howard found that adolescents with a history of TBI were 

significantly more likely to have used drugs such as heroin, cocaine or crack cocaine, 

marijuana, and ecstasy than those without a history of TBI. Adolescents with TBI and 

SUD were also more likely than those without to report negative environmental 

experiences such as being hit by someone, having had someone use a weapon or force 

against them, and be attacked by someone who was otherwise trying to injure them 

(Perron & Howard, 2008). Vaughn et al. also found significantly higher reporting of 

substance use, alcohol or drug abuse or dependence, violent victimization and witnessing 

violence among adjudicated adolescents with a history of TBI than those without 

(Vaughn, Salas-Wright, DeLisi, & Perron, 2014).  
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Vulnerability to SUD following early-life TBI is multifactorial, and confounding 

variables, including but not limited to sex, age of injury, and intrinsic and extrinsic 

factors should be taken into consideration. Further preclinical and clinical research 

exploring risk of SUD after childhood or adolescent TBI is clearly needed and will 

benefit from controlling for confounding variables that might influence long-term 

psychiatric and behavioral outcomes after injury.  

Hypothesis and Project Aims 

The experiments herein were designed to advance our understanding of the 

pathophysiology underlying increased cocaine use disorder (CUD) vulnerability 

following adolescent TBI. The following studies were designed around the central 

hypothesis that at an age of ongoing maturation, adolescent TBI alters elements of the 

reward pathway resulting in increased sensitivity to the rewarding effects of a 

subthreshold dose of cocaine that does not induce significant behavioral changes in naïve, 

non-injured mice. 

In aim 1, studies were designed to characterize the effects of the CCI model of 

TBI on age-related psychostimulant (cocaine) sensitivity in adolescent (6 weeks old) and 

adult (8 weeks old) male mice. The CCI-TBI model was used to induce varying degrees 

of TBI severity as follows: 1) Naïve (non-injured control), 2) Sham (craniectomy only 

surgical control), 3) CCI-TBI-Mild (mild) and 4) CCI-TBI-Mod (moderate). The rotarod 

assay was used at 48 hours and 7 days post injury to determine the effect of TBI on motor 

coordination and balance as exclusionary criteria prior to further behavioral analyses. 

Two weeks after injury, the rewarding efficacy of doses of cocaine on both the ascending 

(0, 2.5, and 10 mg/kg cocaine) and descending (30 and 50 mg/kg cocaine) portions of the 
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expected inverted-U shape dose response curve were tested using a biased, three-phase 

cocaine CPP assay. In parallel, we also examined whether the changes induced by TBI 

were selective for the rewarding effects of cocaine by also assessing other behaviors such 

as cocaine-induced locomotion.  

The second aim sought to evaluate potential underlying mechanisms of behavioral 

effects correlated with changes in mesolimbic nuclei comprising the reward circuitry 

following CCI. Specifically, we further hypothesized that neuroinflammation, vascular 

damage, and neuronal dysfunction, particularly during adolescence when these processes 

are not completely mature, play a critical role in the brain remodeling post TBI, 

increasing susceptibility to the development of SUD. Therefore, at two weeks post injury, 

we monitored changes in the neuroinflammatory profile in brain regions involved in 

perception of reward that are distal from the area of impact. Moreover, blood-brain-

barrier permeability was assessed by quantification of TJP expression and vascular 

organization in mesolimbic brain regions following TBI. This aim also sought to provide 

a comprehensive characterization of neuronal synaptic systems within mesolimbic brain 

regions by examining TBI-induced structural changes in neuronal morphology and 

dendritic spine density and alterations in expression of genes related to the dopamine 

system as a proxy for functional changes. 

 Finally, experiments in aim 3 were designed to investigate the extent of sex 

differences in susceptibility to SUD in freely cycling female mice. Again, the CCI-TBI 

model was used to induce varying degrees of TBI severity in adolescent (6 weeks old) 

female mice in order to identify sexually divergent behavioral phenotypes observed using 

the cocaine CPP assay two weeks following TBI. Vaginal cytology was recorded to 
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determine the phase of estrous cycle, and therefore, the impact of female sex hormones at 

the time of injury. Estrous cycle phase was then used as a covariable in post-hoc analyses 

of CPP behavior following adolescent TBI. In this aim, sex-dependent changes in the 

inflammatory profile in brain regions involved in perception of reward were also 

determined, with a particular focus on microglial morphology and neuropathology.  

  To our knowledge, this is the first comprehensive assessment of increased 

sensitivity to the reinforcing properties of cocaine following adolescent TBI. By 

combining pioneering preclinical models of TBI with assays able to quantify addiction-

like phenotypes, the studies of this dissertation aim to recapitulate the phenomenon of 

increased SUD risk seen in early-life TBI patients compared to the general public. 

Additional research to identify and therapeutically target underlying mechanisms of 

aberrant reward pathway development will provide a launching point for treatment 

strategies for TBI-related SUD patients.  
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CHAPTER 2: INCREASED REWARDING EFFICACY OF A 

SUBTHRESHOLD DOSE OF COCAINE FOLLOWING ADOLESCENT 

TRAUMATIC BRAIN INJURY 

Introduction 

According to the CDC, more than 1.7 million TBIs occur annually in the United 

States (Faul, 2010). Recent clinical advancements in the diagnosis and management of 

TBI have led to decreased numbers of TBI-related fatalities but increased numbers of 

TBI patients who survive and endure life-long consequences of their injuries. Current 

reports estimate that more than 5 million Americans live with disabilities and psychiatric 

complications associated with TBI (Langlois et al., 2006). This number likely is an 

underestimate as many TBIs remain undiagnosed due to underreporting or misdiagnosis. 

Long-term negative consequences of TBI include sleep disturbances, difficulty 

concentrating, anxiety, depression, aggression, and deficits in decision making and 

impulsivity. Recent studies have begun to establish the links between TBI and comorbid 

psychiatric disorders, including SUD. TBI remains a public health epidemic which, 

despite increased awareness and characterization of persistent TBI sequalae such as risk 

of SUD, the underlying pathology remains poorly understood (Corrigan et al., 2012; 

Corrigan & Deutschle, 2008; Ponsford, Draper, & Schonberger, 2008; Whelan-

Goodinson et al., 2009). 

The population at highest risk for experiencing a TBI includes children and 

adolescents (aged 15-19 years old), a period during which primary neuronal networks 

that regulate reward behaviors remain under development (Faul, 2010). Notably, the rate 

of concussive brain injuries among children under the age of 19 more than doubled 



 35 

during the period of 2001-2012 (Coronado et al., 2015). By contrast, the age range of 

people most likely to experiment with drugs of abuse (20-24 years old) immediately 

follows the peak age at risk for having a TBI (Lipari, Hedden, & Hughes, 2013). The 

studies presented herein were designed to capture this specific chronology. Age of injury 

versus age of onset of drug use is highly relevant to risk for developing SUD because one 

of the most significant neural transformations that occurs during adolescence is the 

maturation of dopaminergic projections to the PFC (Manitt et al., 2011; Naneix et al., 

2012; D. M. Walker et al., 2017). These projections are a central component of the 

neuronal network comprised of both anatomical and functional connectivity between the 

PFC, NAc and ventral tegmental area VTA, that have been implicated in addiction 

behavior (Kalivas & Volkow, 2005).  

Clinical data strongly support a link between having a history of TBI and 

subsequent SUD development. SUD is the third most frequent de novo neuropsychiatric 

disorder diagnosis among TBI patients (Whelan-Goodinson et al., 2009). In fact, 

adolescent TBI recently was identified as a risk factor for increased vulnerability for 

problematic drug use (Corrigan et al., 2013; Ilie et al., 2016). Preclinical studies have 

begun to explore the pathogenesis of addiction-like phenotypes following TBI. However, 

these investigations have mainly focused on the correlation between early-life TBI and 

alcohol use (Y. W. Lim et al., 2015; Lowing et al., 2014; Mayeux et al., 2015; Weil, 

Karelina, et al., 2016). Our previous studies were the first to extend these findings to an 

illicit drug of abuse and showed that male mice subjected to adolescent TBI displayed 

enhanced cocaine CPP scores (S. F. Merkel et al., 2017). However, the question remains 

whether adolescent neurotrauma induces neurobiological changes augmenting age-
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dependent susceptibility to the rewarding effects of cocaine. Thus, the following study is 

the first preclinical investigation that addresses whether TBI exacerbates adolescent 

sensitivity by testing behavioral responses to a subthreshold dose of cocaine.  

Here, we used the CCI-TBI, a prevailing model of TBI, in combination with the 

CPP assay as a model of behavior in response to cocaine reward in adult and adolescent 

male mice. We aimed to test the hypothesis that at an age of ongoing maturation, 

adolescent TBI alters elements of the reward pathway resulting in increased sensitivity to 

the rewarding effects of a subthreshold dose of cocaine that does not induce significant 

behavioral changes in naïve, non-injured mice. In parallel, we also examined whether the 

behavioral changes induced by TBI were selective for the rewarding effects of cocaine by 

assessing cocaine-induced locomotion. These experiments were designed to advance our 

understanding of the clinical observation phenomenon of increased CUD vulnerability 

following adolescent TBI. 

Materials and Methods 

Animals 

For all experiments, six-week or eight-week old male C57BL/6 mice were 

purchased from The Jackson Laboratory (Bar Harbor, ME). Upon arrival, mice were 

group housed under a 12 h/12 h light/dark cycle with ad libitum access to food and water. 

Mice were given a 5-7-day period of acclimation to the University Laboratory Animal 

Research facility at the Lewis Katz School of Medicine at Temple University 

(Philadelphia, PA) prior to the administration of experimental traumatic brain injury. 

Only male mice were used in this study as sex a biological variable is beyond the scope 

of these studies and is considered in later experiments. All experiments were approved by 
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the Institutional Animal Care and Use Committee (IACUC) at Temple University and the 

NIDA–IRP Animal Care and Use Committee and complied with the Guide for the Care 

and Use of Laboratory Animals (NIH, Publication 865- 23). 

Traumatic Brain Injury by Controlled Cortical Impact (CCI) 

Following the acclimation period, experimental TBI of three severities (sham, 

mild, and moderate), was administered to different groups of mice using an Impact OneTM 

Stereotaxic CCI Instrument (Leica Microsystems, Buffalo Grove, IL) outfitted with a 

piston (2-mm diameter) as previously described (S. F. Merkel et al., 2016; S. F. Merkel et 

al., 2017). Mice were anesthetized using vaporized isoflurane (5% induction, 2% 

maintenance) and placed in a Just for MouseTM Stereotaxic Instrument (Stoelting Co., 

Wood Dale, IL). An Ideal Micro-DrillTM (CellPoint Scientific Inc., Gaithersburg, MD) 

with a 0.5-mm, rounded burr was used to perform a craniectomy removing a 4-mm bone 

flap located to the right of the sagittal suture between lambda and bregma under a Zeiss 

Stemi 2000-C stereomicroscope (Carl Zeiss Microscopy, LLC, Thornwood, NY) 

equipped with a SCHOTT EasyLED Ringlight (SCHOTT North America Inc., Elmsford, 

NY). The electro-magnetically-driven piston was placed at the surface of the exposed 

parenchyma and a single discharge (Moderate: speed: 4.5 m/s, dwell time: 0.5 sec, depth: 

2 mm; Mild: speed: 2.0 m/s, dwell time: 0.5 s, depth: 1 mm) produced Mild- or Mod-

CCI-TBI in 6-week-old, adolescent and 8-week-old, young adult male mice. The 

craniectomy site was then covered by a sterile, 6-mm glass cover slip (ProSciTech Pty 

Ltd, Kirwan, Australia) adhered to the skull using VetbondTM tissue adhesive (3M, St. 

Paul, MN). Post-operatively, mice were individually-housed to ensure surgical recovery 

and weighed and monitored daily for 7 days. Sham controls (craniectomy only) 
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underwent identical surgical procedures except impactor discharge. Naïve controls were 

individually housed at the same time as experimental mice.  

Physiology Monitoring 

A MouseOx PlusTM small animal vital signs monitor (Starr Life Sciences Corp. 

Oakmont, PA) was used to record physiology data during craniectomy surgeries. While 

anesthetized, a thigh sensor was placed in perpendicular orientation on the tissue around 

the thigh bone. The sensors used wavelengths of 660 nm (red) and 940 nm (infrared) to 

monitor arterial oxygen saturation, heart rate, pulse distention, breath rate, and breath 

distention. Body temperature was monitored by rectal thermometer and maintained at 

36°C using a Far Infrared Warming Pad, (6 in. L x 8 in. W) (Kent Scientific Corp., 

Torrington, CT). Naïve controls were anesthetized for equivalent time as surgical mice.  

Rotarod 

Motor performance was assessed at 48 hrs and 7 days following induction of 

experimental TBI. A rotarod apparatus equipped with a 3 cm rotating rod and five lanes 

each with an automatic timer and falling sensor was used (40 cm W x 30 cm D x 38 cm 

H) (Ugo Basile, Mt. Laurel, NJ). Before the testing sessions, mice were habituated to stay 

on the rod at a constant speed of 4 rpm for two 3 min trials. During testing sessions, mice 

were placed on the rod with the speed set to accelerate from 4-40 rpm over a duration of 

5 min. Each testing session consisted of three 5 min trials. Latency to fall from the 

rotating rod was recorded. Post-injury motor performance was compared to within-

subject baseline performance recorded the day before injury to evaluate any motor 

deficits resulting from TBI. 
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Cocaine Conditioned Place Preference (CPP) 

Two weeks following TBI, behavior was assessed using a biased CPP assay as 

previously described (S. F. Merkel et al., 2016; S. F. Merkel et al., 2017). Briefly, this 

assay consists of three phases that each take place in custom-designed Plexiglas 2-

compartment chambers (13.75 in. L x 5.25 in. W x 5.00 in. H) (KB Acrylics Inc., 

Westville, NJ). One compartment was fitted with black walls and a coarse-textured floor, 

the other was fitted with white and black striped walls and a smooth-surfaced floor. 

Compartment bias was determined during the first phase (pre-test), when mice had access 

to both compartments through a door opening in the divider wall for 30 min and time 

spent in each compartment was recorded. The compartment with a lower residence time 

was assigned as the drug-paired, least-preferred compartment. During the second phase 

(conditioning), mice were randomly assigned to receive one of 3 doses of cocaine, 

administered in the morning by intraperitoneal injection (vehicle, 2.5 mg/kg, or 10 

mg/kg). Each mouse was immediately placed in its least-preferred compartment for 30 

min following intraperitoneal (IP) cocaine without access to the preferred compartment. 

After a minimum of 4 hours, mice were injected with 0.9% saline and placed in the 

preferred compartment for 30 min. This schedule persisted for 6 days. During the third 

phase (post-test), mice were placed in the chamber again for 30 min with free access to 

both compartments without any injections. The rewarding effects of cocaine were 

evaluated by a place preference shift, which was calculated by subtracting the time spent 

in the drug-paired compartment during the pre-test from the time spent in the drug-paired 

compartment during the post-test. When testing or conditioning occurred on the same 

day, mice assigned to various injury severity conditions were distributed equally to 
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control for any influence of time of test. This assay was repeated in Naïve and Mod-CCI-

TBI only using vehicle, 30, or 50 mg/kg cocaine to assess the descending curve of the 

typical inverted-U shaped dose response curve in adolescent mice. 

Locomotor Activity Monitoring 

Two weeks following TBI, a separate cohort of experimental mice was evaluated 

for the effect of TBI on cocaine-induced locomotor activity according to procedures 

described previously (Hicks et al., 2017; S. F. Merkel et al., 2017). Locomotor activity of 

individual mice was measured in open-field activity chambers (18 in. H x 14 in. W x 8 in. 

H) using the AccuScan Home Cage Activity System (Omnitech Electronics, Inc., 

Columbus, OH). 16 photobeams arranged along the horizontal axis of the activity 

chamber were used to automatically collect ambulatory activity (horizontal beam breaks) 

and stereotypy activity (repeated beam breaks) data from the sensor panels in 5-min 

intervals. Basal locomotor activity was measured for 60 min prior to the administration of 

either vehicle, 2.5 mg/kg or 10 mg/kg cocaine. Locomotor activity was recorded for an 

additional 60 min following injections. 

Composite Neuroscore 

At time points ranging from 24 hours to three weeks post TBI, mice were 

assessed by experimenters blind to condition for neurological motor function on a 4-point 

scale known as the Composite Neuroscore. This battery uses a series of five 

neurobehavioral tests: 1) forelimb extension, 2) forelimb paw placement, 3) hind limb 

flexion, 4) lateral pulsion, and 5) observation of abnormal twisting behavior. Animals 

received scores from +4 (uninjured) to 0 (nonfunctional) for both left and right forelimbs 

in the forelimb extension task and forelimb paw placement, the left and right hindlimbs in 
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hind limb flexion, and left and right sides for the lateral pulsion test. If no twisting was 

observed the animal was scored as normal (+1), and if twisting was present the animal 

was scored as abnormal (0). The total possible score was 33. Total number of errors (total 

possible score of 33 – total actual score) is reported.   

Spontaneous Alternation Test 

Additional experimental mice were evaluated for the effect of TBI on cognition 

two weeks post-TBI using the Y-Maze Spontaneous Alternation test. The maze was 

comprised of three arms at a 120° angle from each other (32 cm L x 610 cm W x 26 cm 

H) (San Diego Instruments, San Diego, CA, USA). Individual mice were placed in the 

center of the Y-shaped maze and allowed to freely explore the three arms for a duration 

of 5 min. The total number of arm entries and the sequential order of entries were 

recorded. Spontaneous alternations were defined as three consecutive entries into three 

different arms. Percent alternation was calculated as the total number of alternations 

divided by the total number of arm entries. 

Statistical Analyses 

Data were analyzed for statistical significance using Prism software (version 6.0h; 

GraphPad Software Inc., La Jolla, CA). One-way analysis of variance (ANOVA) with 

Tukey’s post-hoc tests were performed to analyze the physiology data, rotarod, 

composite neuroscore, and spontaneous alternations by severity of injury. Two-way 

ANOVA was used to analyze CPP data and locomotor activity counts. For all tests, 

statistical significance was defined at p < 0.05.  
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Results 

CCI-TBI does not Induce Motor Deficits or Changes to Physiology in Adult or 

Adolescent Mice 

During craniectomy surgeries, a MouseOx PlusTM small animal vital signs 

monitor (Starr Life Sciences Corp. Oakmont, PA) was used to record arterial oxygen 

saturation, breath rate, pulse distention, breath distention, and body temperature was 

monitored by rectal thermometer and maintained at 36°C using a Far Infrared Warming 

Pad, (6 in. L x 8 in. W) (Kent Scientific Corp., Torrington, CT). Compared to Naïve 

controls anesthetized and monitored for equal time, we report no differences in animal 

physiology due to induction of CCI-TBI (Fig. 2 A-F).   

A schematic illustrating the staging of CCI-TBI with respect to the initiation of 

behavioral assays and tissue harvesting is shown in Figure 3 A. We first used the Rotarod 

performance test to assess mice for any motor deficits induced by TBI as a means of 

exclusionary criteria. Pre-injury baseline performance was used as a percentage standard 

to show progression of ambulatory function. Mice were considered impaired and 

excluded from the CPP assay if they fell below 1.5 times the standard deviation from the 

mean latency to fall of no craniectomy control mice. To this degree, a total of 3 mice (1 

adolescent sham, 1 adolescent Mod-CCI-TBI, and 1 adult Mod-CCI-TBI) were excluded 

from further testing following TBI. We found no differences in rotarod performance at 

either 48 hrs or 7 days post injury in either adult or adolescent mice (Fig. 3 B) (One-way 

ANOVA, injury severity effect: F (3, 56) = 1.960, p>0.05). This finding suggests no 

change in motor function or coordination following CCI-TBI. 
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Figure 2. Adolescent Mod-CCI-TBI does not induce changes to animal physiology. 

A MouseOx PlusTM small animal vital signs monitor recorded physiology parameters 
during craniectomy surgeries. Compared to Naïve controls, we report no differences in (A) 
arterial oxygen saturation, (B) heart rate, (C) pulse distention, (D) breath rate, (E) breath 
distention, and (F) body temperature in adolescent Mod-CCI-TBI mice.  

 

 

 

 

Figure 1. Adolescent Mod-CCI-TBI does not induce changes to animal physiology.
A MouseOx PlusTM small animal vital signs monitor recorded physiology parameters
during craniectomy surgeries. Compared to Naïve controls, we report no differences in
(A) arterial oxygen saturation, (B) heart rate, (C) pulse distention, (D) breath rate, (E)
breath distention, and (F) body temperature in adolescent Mod-CCI-TBI mice.
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Adolescent, but not Adult, CCI-TBI Increases the Rewarding Effects of a 

Subthreshold Dose of Cocaine 

Two weeks following induction of CCI-TBI, a biased CPP assay was conducted 

to evaluate behavioral responses to the rewarding effects of cocaine in our adolescent and 

adult experimental mice. Cocaine was administered once-daily at a dose of 10 or 2.5 

mg/kg for 6 consecutive days. These doses were chosen to represent the optimal dose to 

induce the peak CPP response and the subthreshold dose, that did not induce a significant 

CPP shift, in naïve (non-injured) adolescent mice, respectively. Control mice received an 

equivalent volume of 0.9% saline. In mice injured during young adulthood, the CPP shift 

of mice that received either 2.5 or 10 mg/kg did not differ from naïve mice (Fig. 3 C). By 

contrast, mice injured during adolescence exhibited a significant 10 mg/kg cocaine CPP 

shift after Mod-CCI-TBI compared to naïve controls (two-way ANOVA with Tukey’s 

post-hoc tests; cocaine dose effect: F (2, 77) = 53.62, p<0.05) (Fig. 2D), consistent with 

our previous findings (S. F. Merkel et al., 2016; S. F. Merkel et al., 2017). Notably, the 

subthreshold dose of 2.5 mg/kg cocaine was also identified with a significant CPP shift in 

adolescent Mod-CCI-TBI compared to naïve mice (two-way ANOVA with Tukey’s post-

hoc tests; cocaine dose effect: F (2, 77) = 53.62, p<0.01) (Fig. 3 D). Further CPP testing 

of cocaine doses that lie on both the ascending-to-peak and descending portions of their 

respective inverted U-shape curves (Schenk et al., 1991; Zakharova, Leoni, Kichko, & 

Izenwasser, 2009) demonstrated an upward shift of ascending doses following adolescent 

Mod-CCI-TBI (two-way ANOVA with Tukey’s post-hoc tests; effect of drug: F (4, 66) = 

15.90, p<0.05) (Fig. 3 E, dotted line). While the CPP shift at the higher dose (50 mg/kg 

cocaine) in naïve adolescent mice is declining (Fig. 3 E, solid line), adolescent Mod-CCI-
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TBI responded atypically to the rewarding effects of cocaine by maintaining an increased 

CPP shift for 50 mg/kg cocaine, but this effect did not reach statistical significance. 

These results suggest that TBI during adolescence may enhance the abuse liability of 

cocaine in adulthood and reduce the threshold for cocaine’s rewarding effects. 

CCI-TBI does not Affect Cocaine-Induced Locomotion or other Behaviors 

To examine whether the behavioral changes induced by TBI were specific to the 

rewarding effects of cocaine and did not affect additional pharmacodynamic properties of 

cocaine, e.g. cocaine-induced locomotion, we conducted parallel behavioral assays in an 

additional cohort of adolescent mice at the same time point CPP assays were initiated. At 

two weeks post-injury, we report that cocaine dose-dependently increased total locomotor 

activity (Fig. 4 A) (cocaine dose effect: F (2,82) = 27.94, p< 0.001). However, cocaine-

induced locomotion was not significantly affected by severity of injury. Analysis 

revealed no significant difference in ambulatory, stereotypical, or total activity between 

naïve, sham, Mild-CCI-TBI, or Mod-CCI-TBI mice (two-way ANOVA with Tukey’s 

post-hoc test; injury severity effect: F (3, 82) = 0.8169, p>0.05). Since, as expected, we 

observed no significant differences between naïve and sham mice, these experimental 

groups were combined from this point forward. Next, Naïve/Sham and Mod-CCI-TBI 

experimental mice were evaluated for neurological motor deficits for up to three weeks 

post injury. Significant injury effects were observed for the Composite Neuroscore test 

between naïve and Mod-CCI-TBI mice at 24 hrs (two-way ANOVA with Tukey’s post-

hoc test; Interaction effect of Injury and Time: F (6,98) = 5.252, p<0.001), 48 hrs  
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Figure 3. Cocaine CPP shift is augmented in mice following adolescent CCI-TBI. 
(A) Schematic representing timeline of experimental endpoints. (B) Rotarod assay: TBI 
does not affect rotarod performance in adolescent or adult mice 48 hours (Top) or 7 days 
(Bottom) after injury, justifying exclusion of subjects exhibiting rotarod deficits. Data are 
normalized to pre-injury performance. (One-way ANOVA) (C) CPP shift in adult male 
mice tested 2 weeks post CCI-TBI shows no cocaine dose-related differences. (D) Dose-
related CPP shift for cocaine in adolescent male mice 2-weeks post CCI-TBI. Mod-CCI-
TBI mice show significantly higher shifts for subthreshold (2.5 mg/kg) and behaviorally 
effective (10 mg/kg) cocaine doses. (E) Dose-effect curve for adolescent naïve (solid line) 
compared to adolescent Mod-CCI-TBI (dotted line) suggests an upward shift and atypical 
responding to a high dose of cocaine (50 mg/kg). N=7-14 per condition, Two-way 
ANOVA, (**p<.01, *p<.05). 
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(p<0.0001), and 72 hrs (p<0.05) post injury, (Fig. 4 B). By 5-days and 1-week post-

injury, no difference was observed indicating Mod-CCI-TBI mice fully recovered from 

neurological motor deficits prior to the initiation of CPP (p>0.05). As shown in Fig. 4 C, 

compared to Naïve/Sham mice, Mod-CCI-TBI mice showed no difference in the number 

of Y-maze arm entries, number of alternations, or percentage of alternations as calculated 

as a ratio of number of alternations/entries (Unpaired t tests, p>0.05). Taken together, 

these results indicate that enhanced rewarding properties of cocaine following adolescent 

CCI-TBI are not likely due to the drug’s alternate pharmacodynamic properties affecting 

locomotion and cognition or neurological impairment after TBI. Therefore, TBI during 

adolescence may enhance the abuse liability of cocaine and reduce the threshold for 

cocaine’s rewarding effects. 
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Figure 4. Adolescent TBI does not alter cocaine-induced locomotor behavior, long-

term Neuroscore, or Spontaneous Alternation Behavior. 
(A) Area under the curve (AUC) analysis of locomotor activity. Total locomotor activity 
recorded as a combination of ambulatory and stereotypy activity counts over 60 min 
following a single injection of either 0, 2.5, or 10 mg/kg cocaine two weeks following 
increasing degrees of adolescent CCI-TBI. Data is presented as mean ± SEM. We report 
an effect of cocaine dose on induced locomotor activity (Two-way ANOVA, cocaine dose 
effect: F (2, 82) = 27.94, p< 0.001) but no effect of brain injury (Two-way ANOVA, 
p>0.05). (B) Composite Neuroscore is a battery of neurological motor function tests 
assessed up to three weeks following adolescent Mod-CCI-TBI where a maximum total 
score is 33. Data is presented as mean number of errors (total possible score 33 – total 
actual score) ± SEM. Significant injury effects were observed for the Composite 
Neuroscore test between naïve and Mod-CCI-TBI mice at 24 hrs (two-way ANOVA with 
Tukey’s post-hoc test; Interaction effect of Injury and Time: F (6, 98) =5.252, p<0.001), 
48 hrs (p<0.0001), and 72 hrs (p<0.05) post injury. By 5-days and 1-week post-injury, no 
difference was observed indicating Mod-CCI-TBI mice fully recovered from neurological 
motor deficits prior to the initiation of CPP (p>0.05). (C) Spontaneous alternations were 
measured using the Y-Maze test at two weeks following adolescent Mod-CCI-TBI. Total 
number of arm entries and alternations were recorded for a total of 5 min. We report no 
differences in total number of arm entries, total number of alternations, or ratio of 
alternations/entries in adolescent naïve vs. Mod-CCI-TBI mice (Unpaired t tests, p>0.05). 
N=8 mice per condition. 
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Discussion 

The outcome observed by CPP extends our previous findings and supports 

clinical data suggesting that cocaine reward is enhanced when brain injury occurs during 

adolescence and when brain injury is severe (S. F. Merkel et al., 2017; Ramesh et al., 

2015). Moreover, these results are the first to examine the effect of adolescent TBI on 

adult sensitivity to a subthreshold dose of cocaine. Preclinical studies have previously 

established age-dependent sensitivity to the rewarding effects of subthreshold doses of 

cocaine, but not in the context of TBI. For example, Zakharova et al. found that 

adolescent male rats developed a significant CPP place preference shift at lower cocaine 

doses than adult rats (Zakharova, Wade, et al., 2009). Badanich and colleagues also found 

that adolescent rats were more likely to establish CPP to subthreshold cocaine doses and 

that ontogenetic differences in dopamine release and reuptake, as measured by 

microdialysis, may account for age-specific sensitivities to the reinforcing properties of 

cocaine, and ultimately increased vulnerability to addiction during adolescence (Badanich 

et al., 2006). Similar to our findings, in a neurochemical brain injury model induced by 

PFC administration of the dopaminergic neurotoxin 6-hydroxydopamine, Schenk and 

colleagues reported that lesioned rats reliably responded for the subthreshold intravenous 

doses of self-administered cocaine, suggestive of increased sensitivity to the rewarding 

effects of cocaine (Schenk et al., 1991). However, two recent studies investigating the 

effects of adult TBI on cocaine self-administration reported conflicting results. Muelbl 

and colleagues found no difference in cocaine self-administration following adult 

exposure to mild blast TBI, (Muelbl et al., 2018) consistent with our findings, while Haar 

et al. reported increased adult cocaine self-administration lever presses and infusions 
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following mild or severe bilateral TBI to the medial PFC (Vonder Haar et al., 2018). Yet, 

this study administered bilateral TBI of greater severity than commonly seen among 

adolescent TBI patients, which could explain the increase in adult cocaine intake in their 

model. Despite study differences, the data in Haar, Muelbl, and our present and prior 

study (S. F. Merkel et al., 2017) support the notion that TBI increases cocaine preference 

and that different types and severities of injury at different ages could result in varying 

degrees of vulnerability to the development of CUD. The use of a biased CPP procedure 

with cocaine conditioning occurring in the least-preferred compartment introduces a 

limitation of this study as it cannot be entirely excluded that mice with a history of TBI 

may have experienced higher levels of stress or anxiety in the initially least-preferred 

side, thus adding to a potential anxiolytic effect of cocaine that may have amplified 

cocaine CPP in TBI mice. Similarly, although a minimum of 4 hours wash-out period 

was implemented between cocaine and saline conditioning sessions, this experimental 

design limits the ability to differentiate between place preference from the rewarding 

effects of cocaine versus place avoidance resulting from potential acute, negative effects 

after cocaine metabolization that could be associated with the saline-paired, preferred 

compartment. 

We performed additional behavior assays to test for behavioral selectivity of 

adolescent TBI and for the potential confound of TBI-induced locomotor impairment. We 

report no effects of TBI in cocaine-induced locomotion, neurological motor deficits two-

weeks post injury, or spontaneous alternation performance, a PFC-dependent cognitive 

task. We are the first to report no effect of TBI on cocaine-induced locomotor activity. 

However, Xu and colleagues demonstrated that the locomotor activity, a measure of total 
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distance traveled, was reduced two weeks post injury in CCI-TBI administered to CD-1 

mice at 2–3 months of age (Xu, Cao, Chao, Liu, & Ji, 2016). Additional reports 

examining behavioral deficits following TBI produced conflicting results. Doran et al., 

reported motor and spontaneous alternation deficits following CCI-TBI in similarly aged 

mice, however, behaviors were assessed sooner after injury than in our study (S. Doran et 

al., 2018). Tomasevic and colleagues reported Composite Neuroscore deficits that 

persisted for up to one-week post injury but resolved by three weeks following CCI-TBI, 

similar to our results (Tomasevic et al., 2012). Collectively, these findings indicate that 

behavioral deficits are dependent on injury severity and post-injury time of assessment. 

Thus, subject age at injury, mode and severity of injury, and recovery period, are 

important factors to consider when interpreting findings related to effects of TBI on 

behavior. 
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CHAPTER 3: PROFILE OF THE IMMUNE RESPONSE, BLOOD-BRAIN 

BARRIER INTEGRITY, NEURONAL MORPHOLOGY, AND  

DOPAMINE GENES AFTER ADOLESCENT TBI 

Introduction 

The time course of the immune response stimulated by TBI has been well 

characterized to include two phases of activation of microglia, the brain’s resident 

immune cells that are centrally involved in all neuroinflammatory conditions. Loane and 

Byrnes described that microglial activation progresses slowly following the initial 

impact, peaking 6 or 7 days after TBI with a secondary peak at more chronic stages 

(Loane & Byrnes, 2010). Prior to the peak activation of microglia, TBI stimulates the 

release of inflammatory cytokines and chemokines which then stimulate the infiltration 

of immune cells such as neutrophils and monocytes/macrophages (Beschorner et al., 

2002; Loane & Byrnes, 2010). Although the functional role of neutrophil and monocyte 

subtypes is not well understood, long-term inflammatory cellular accumulation can be 

detrimental.  

Preclinical studies have revealed chronic neuroinflammation in mesolimbic brain 

regions associated with drug addiction. Specifically, using a closed-head injury model of 

TBI in mice, Lowing and colleagues reported reactive astrogliosis in the NAc that 

persisted for at least one-week post injury (Lowing et al., 2014). Our previous findings 

also highlighted that TBI induces neuroinflammation in the PFC and NAc. These brain 

regions are known to regulate motivation, stimulus saliency, and perception of reward; 

deficits of such behaviors are commonly reported in TBI and SUD populations (S. F. 

Merkel et al., 2016; S. F. Merkel et al., 2017). In further support of this notion, a recent 
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report provides evidence that TBI-induced neuroinflammation contributes to the increase 

in the acquisition of cocaine self-administration in rats (Vonder Haar et al., 2018). 

Overall, these studies demonstrate an increase in cocaine-seeking behavior following 

exposure to brain injury during adolescence which is recognized as a developmental 

period associated with increased sensitivity to drugs of abuse. 

Furthermore, dysregulation of dopaminergic signaling within this circuit, a known 

consequence of TBI, has consistently been linked to SUD (S. F. Merkel, Cannella, L. A., 

Razmpour, R., Lutton, E., Raghupathi, R., Rawls, S. M., & Ramirez, S. H., 2017; 

Volkow et al., 2010). However, to date, mechanisms underlying how neurotrauma-

induced molecular changes during development ongoing throughout adolescence affect 

brain structures essential for reward perception and processing of drug-induced euphoria, 

including PFC, NAc, and VTA, remain unknown. 

In the following studies, we hypothesized that early-life brain injury occurs in a 

primed environment where microglia are actively involved in pruning of neuronal 

dendritic spines, a process that peaks during adolescence and exacerbates the immune 

response following brain injury. Therefore, we evaluated TBI-induced immune cell 

infiltration and quantified differences in activated microglial phagocytosis of neuronal 

proteins and subsequent changes in neuronal dendritic arborization and spine density in 

the injured hemisphere, as well the brain region essential for reward-motivated behavior, 

the NAc. Finally, we examined how TBI affects the expression of DA-associated genes 

in brain regions critical for the perception of the rewarding effects of cocaine. The 

following studies aimed to elucidate underlying neuropathological outcomes following 

TBI in the reward circuitry that could be contributing to increased risk of addiction-like 
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behavior previously observed. Once identified, TBI and SUD literature would advance 

with the potential to translate underlying pathologies into novel therapies.   

Materials and Methods 

Flow Cytometry 

Brain tissue was harvested from a separate cohort of mice at either 2, 5, 14, or 28 

days post- CCI-TBI and analyzed for both the impacted and non-impacted hemispheres. 

Tissue was placed into Hanks' Balanced Salt Solution (HBSS) and held on ice until 

processing. The cerebellum was removed, and hemispheres were separated using a mouse 

brain matrix (Zivic Instruments, Pittsburgh, PA) and clean razor blades. Each hemisphere 

was homogenized in Roswell Park Memorial Institute medium (RPMI) in a 5-mL ounce 

homogenizer (12-16 strokes) using a previous protocol (LaFrance-Corey & Howe, 2011). 

In short, homogenized brains were combined to a final 30% Percoll solution (9 mL 

percoll, 1 mL 10x Phosphate buffered saline (PBS) without calcium/magnesium, 10 mL 

RPMI) and then centrifuged in a fixed angle rotor at 7800g for 30 min at room 

temperature (RT). Floating myelin debris was removed, and the remaining cell solution 

was passed through a 40 µm cell strainer. The volume was brought up to 50 mL with 

RPMI and centrifuged at 1500 rpm for 5 min at RT. The cell pellet was resuspended in 1 

mL fluorescence-activated cell sorting (FACS) Buffer and transferred to 5 mL 

polystyrene flow cytometry tubes. 1 mL of Ficoll-Paque PREMIUM was carefully 

layered under the cell solution and then spun at 2500 rpm for 25 min at RT without brake. 

The white layer at the interface (~1 mL) was transferred to a new flow cytometry tube, 

washed with FACS buffer and pelleted at 1500 rpm for 5 min. Fc receptors were blocked 

for 15 min and then cells labeled using the following antibodies/reagents purchased from 
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eBioscience Inc./ Thermo Fisher Scientific unless indicated otherwise: CD11b (Pacific 

Blue), CD45 (AmCyan), Ly6G (APC), Fixability dye and lineage markers (FVD, CD3, 

CD9, Siglec F, NK1.1, APC-Cy7), Ly6C (PerCP-5.5), CX3CR-1 (Pe-Cy7, Biolegend). 

The intracellular protein post synaptic density-95 (PSD95) (Abcam ab76115, PE 

secondary) was labeled after fixation and permeabilization. Samples were read on a BD 

FACS Canto II and data analysis was performing using FlowJoâ software (FlowJo, 

LLC). Our gating strategy involved gating on singlet populations on FSC-H vs FSC-A 

and then on live lineage negative populations. Then microglial and leukocytes were gated 

as CD11b+, CD45+. Neutrophils were excluded by Ly6G. Then gating on Ly6C vs. 

CD45, monocytes (CD45high) and microglia (CD45low) could be identified. Monocyte 

subtypes were identified by differential Ly6C expression (Ly6Clow, Ly6Cint, Ly6Chigh). 

Microglia were then gated for CX3CR-1low and PSD95+ cells. 

NAc punch-outs were processed using a modified version of the above protocol 

with reduced volumes. Brains were sectioned using the mouse matrix and tissue 

containing the NAc was excised using a brain microdissection tool 1.25 mm in diameter 

(Stoelting Co., Wood Dale, IL). 1.25 mm punchouts of the NAc from the right (impacted) 

hemisphere were homogenized using a pestle. Punchouts were resuspended in a 30% 

Percoll solution as above and centrifuged at 7800g for 30 min RT. Myelin debris was 

removed, and cells were washed, centrifuged, and underlaid with Ficoll. The interface 

was collected after a spin at 2500 rpm for 25 min at RT without brake. Cells were then 

washed and stained as described above. 
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Microvessel Isolation 

 The obtained brain tissue was diced using sterile blades then homogenized in 1ml 

1X HBSS using a Dounce manual homogenizer. The resulting suspension was 

centrifuged at 1000xg for 10min and the supernatant discarded. The pellet was 

resuspended in 5ml 17.5% dextran (molecular weight 86.000, MP Biomedicals, LLC) in 

HBSS. Microvessels were pelleted by centrifugation at 4400xg for 15min. The pelleted 

contents were resuspended in 5ml 1% bovine serum albumin (BSA) in HBSS. Using a 

5ml serological pipet, the suspension was disrupted by pipetting up and down against a 

cell culture dish 10 times. The suspension was passed through a 40μm cell strainer 

(Falcon) to capture the microvessels. The strainer was inverted and rinsed into a clean 

cell culture dish with a total volume of 3ml 1% BSA in HBSS. Microvessels were 

removed from suspension by centrifugation at 10,000xg for 10min. Microvessels were 

resuspended in PBS, plated on Poly-L-Lysine coated coverslips, and allowed to attach 

with incubation for 1hr at 37 °C. Vessels were fixed using 3% formaldehyde in PBS for 

10min at RT and then permeabilized using 0.1% Triton X-100 in PBS for 5min at RT. 

Following permeabilization, non-specific binding sites were blocked using 5% BSA in 

PBS for 30min at RT. The following antibodies were diluted at the respective ratios in 

5% BSA in PBS and incubated overnight at 4°C: occludin (Santa Cruz, sc-8145, 1:50), 

tricellulin (Millipore, AB2980, 1:1000). Vessels were washed and incubated with 

corresponding Alexa Fluor secondary antibodies (1:200) in the dark for 1hr at RT 

followed by a 30min stain with 4',6-diamidino-2-phenylindole (DAPI). Microvessels 

were imaged by epifluorescence microscopy. 
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Immunofluorescence Microscopy and Image Analysis 

Fluorescent images were acquired using a Coolsnap EZ CCD camera 

(Photometrics; Tucson, AZ) connected to an Eclipse 80i microscope (Nikon Instruments, 

Inc.; Melville, NY) with a solid-state Lumencore SOLA light engine®. Equal capture 

parameters were used to acquire fluorescent images from all samples. ImageJ software 

(1.48v http://rsb.info.nih.gov/ij/; Bethesda, MD) was used to threshold for fluorescence 

intensity and to convert to binary images. 

Golgi-Cox Staining 

Two weeks post TBI, brains were harvested and placed in Golgi-cox 

impregnation solution according to manufacturer’s instructions (FD Rapid GolgiStain™ 

Kit, FD NeuroTechnologies Inc., Columbia MD). After 24 hrs, the impregnation solution 

was refreshed, and brains were incubated for an additional 2 weeks at RT in the dark. 

Golgi-cox impregnated brains were transferred to a 30% sucrose/30% ethylene glycol/1% 

PVP-40 cryoprotectant solution and allowed to equilibrate at 4°C. Brains were 

subsequently segmented in 2 mm increments and sectioned at a thickness of 200 µm 

using medium speed and frequency settings on the VT1000 S vibratome (Leica 

Biosystems). Sections were collected in cryoprotectant solution, mounted on gelatin-

coated slides (FD NeuroTechnologies, Inc., Cat. PO101) and allowed to dry for 48 hrs. 

Dried sections were rehydrated in water and stained via a 10 min dark immersion in 

freshly prepared 20% ammonia solution (Fisher, Cat A669-212), and a 10 min dark 

immersion in freshly prepared 1% sodium thiosulfate solution (Fisher, Cat S445-500). 

Stained sections were dehydrated through a graded ethanol series and cleared in xylene. 

Sections were mounted with Permount Mounting Medium (Fisher, Cat SP15-100) and 
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high tolerance No. 1.5 cover glass (Marienfeld, Cat 0107242) and allowed to dry for 72 

hrs prior to imaging. 

Confocal Microscopy and Image Analysis 

Golgi-cox stained sections were scanned with a long working distance water 

immersion 20x objective APO lens (NA 0.95) under 1.5x optimal zoom using a DS-Ri2 

color camera outfitted on Nikon’s A1R resonant scanning confocal system. Images were 

collected at a resolution of 4908 x 3264 pixels, with a pixel resolution of 0.24 µm, to 

allow for maximal discrimination of dendritic spines. Sections were scanned at multiple z 

levels and screened against The Mouse Brain Atlas (Paxinos & Franklin, 2nd edition) for 

coordinate determination. For all treatment groups, 100 µm multipoint z-stacks medial 

and ventral to the anterior commissure, with a step size of 0.6 µm, were collected from 

the rostral end of sections spanning approximately +1.78 Bregma to +1.94 Bregma. 

Resultant brightfield z-stack images were converted to gray scale, inverted and converted 

to a 16-bit format to create a pseudo-fluorescence image, and three dimensional (3D) 

deconvolved via the Richardson-Lucy algorithm. All inversions and conversions were 

carried out on Nikon’s NIS-Elements AR 5.11.00 software interface. Subsequent 

analyses of dendritic spine metrics within the NAc core and shell were performed using 

the FilamentTracer module within the Imaris v8.1.2 imaging software (Bitplane; Zurich, 

Switzerland). Once the Z-stacks were loaded in Imaris, the surface module was used to 

render the images into 3D volumes. The surface rendered neurons in the volume were 

then processed with the filament module for the identification and measurement of 

neuronal dendrite and dendritic spine characteristics. The measurements presented in the 

results are based on the following parameters. Dendrites starting point diameter = 12 
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microns, dendrite seed points = 0.5 microns, dendrite diameter threshold = 5.2 and the 

dendrite diameter algorithm was set to distance map. Spine seed point diameter = 0.3 

microns, spine maximum length = 10.0 microns, no branched spine detection was 

enabled, spine seed point threshold = 1153.46, spine diameter threshold was set to 

automatic, and spine diameter algorithm was set to distance map. 

Real Time PCR 

The expression of genes associated with the dopamine system and synaptic 

plasticity was evaluated by quantitative real time polymerase chain reaction (qRT-PCR) 

as previously described.(S. F. Merkel et al., 2016; S. F. Merkel et al., 2017) Briefly, two 

weeks post-injury, brains were removed following transcardial perfusion with 20 mL 1x 

PBS (Corning) and segmented in 2 mm segments using the mouse matrix. Segments were 

immediately placed into RNALater Solution (Thermo Fisher Scientific) and stored at 4°C 

overnight. 1.25 mm punch-outs containing the NAc were excised as described above, 

processed to isolate ribonucleic acid (RNA) using TRIzol Reagent (Thermo Fisher 

Scientific), and quantified using a NanoDrop 1000 Spectrophotometer (Thermo Fisher 

Scientific). Complementary deoxyribonucleic acid (cDNA) was synthesized using a High 

Capacity cDNA Reverse Transcriptase Kit (Thermo Fisher Scientific) and an Eppendorf 

Mastercycler pro (Eppendorf AG, Hauppauge, NY). The prepared cDNA was then mixed 

with nuclease-free water, TaqMan Fast Universal PCR Master Mix (Thermo Fisher 

Scientific) and the following TaqMan probes for dopamine and plasticity genes: DAT, 

DR1, DR2, TH, VMAT, MAOA, and aSYN. Data were analyzed using ExpressionSuite 

Software (Thermo Fisher Scientific) using the delta-delta threshold cycle (Ct) method 
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(Relative Quantification). Data are expressed as the relative fold change compared to 

age-matched, sham controls. 

Statistical Analyses 

Data were analyzed for statistical significance using Prism software (version 6.0h; 

GraphPad Software Inc., La Jolla, CA). Analysis of immune infiltration and microglia 

were analyzed by one-way ANOVA followed by Tukey’s post-hoc tests. Age differences 

for each subtype of monocytes was analyzed by Student t test. Microglial phagocytosis 

by age and injury and BBB permeability by injury and TJP were analyzed by two-way 

ANOVA followed by Tukey’s post hoc test. Our gene expression data was analyzed by 

DDCt, normalized to 18S, and are expressed as mean ± SEM fold change and statistical 

significance was determined by Student t test. For all tests, statistical significance was 

defined at p < 0.05. 

Results 

Adolescent CCI-TBI Alters Immune Infiltration, Microglial Activation and 

Phagocytosis of Neuronal Proteins in Reward Nuclei 

To further interrogate potential pathological mechanisms underlying the 

behavioral changes observed in CPP, we next investigated the immunological profile of 

the brain as a consequence of CCI-TBI. It is known that TBI induces a pervasive and 

robust inflammatory response, including glial activation and the infiltration of immune 

cells (Beschorner et al., 2002; Loane & Byrnes, 2010; S. F. Merkel et al., 2016; S. F. 

Merkel et al., 2017; Russo & McGavern, 2016). Therefore, in effort to comprehensively 

characterize the profiles of these events, brains were homogenized and analyzed by flow 

cytometry at various time points following either adolescent or adult CCI-TBI. Flow 
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cytometry enables the quantitative characterization and distinction of resident immune 

cells (microglia) from infiltrating immune cells (monocytes/macrophages). To this end, 

Figure 5 A shows the gating strategy that included identifying live, single cells that were 

CD11b+CD45+. Neutrophils were identified as CD11b+CD45+Ly6G+. The remaining cells 

were characterized as CD45low microglia and CD45high monocytes/macrophages. 

Microglia were then gated on CX3CR-1 and expression of PSD95 scaffolding protein, a 

protein involved in the structure and support of dendritic spines and not endogenously 

expressed by microglia, to evaluate the microglial phagocytosis of neuronal proteins 

important for synaptic plasticity (Fig. 5 A).  

Two-weeks after adolescent injury, the percent of infiltrating monocytes increased 

in a step-wise fashion as a function of injury severity, with Mod-CCI-TBI demonstrating 

significantly higher infiltration compared to Naïve/Sham (p< 0.01), and Mild-CCI-TBI 

(p<0.05) (one-way ANOVA: F=14.04, with Tukey’s post-hoc test) (Fig. 5 B). Further 

exploration of the characterization of the significantly increased infiltrating monocytes in 

Mod-CCI-TBI at two-weeks post injury revealed 3 distinct populations (Ly6Chigh, Ly6Cint, 

and Ly6Clow), which were quantified separately. Monocytes (Ly6Chigh/low) peaked at 2 

days before decreasing over the time course (Fig. 5 C & D). Ly6Cint monocytes were the 

most persistent following adolescent CCI-TBI compared to adult, with a significant 

difference peaking at 5 day (p=0.021) and continuing two-weeks post-injury (p=0.018) 

(correcting for multiple t tests using the Sidak-Bonferroni method) (Fig. 5 C). Further 

evaluation of the Ly6Cint monocyte population for the expression of CD64 and Ly6G 

revealed a significant increase in the percent of Ly6C+Ly6G+ at 5 days and 2 weeks 

following injury (two-way ANOVA with Tukey’s post-hoc test; Interaction effect of 
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Injury and Time: F (3,29) = 37.01, **** p<0.0001: Age-matched Naïve/Sham vs. Mod-

CCI-TBI p<0.0001, ###p<0.001: Adolescent Mod-CCI-TBI vs. Adult Mod-CCI-TBI) 

(Fig. 5 D). Similarly, Ly6Cint monocytes demonstrated a significant increase in the 

percent of Ly6C+CD64+ cells at both 5 days and 2 weeks following Adolescent Mod-

CCI-TBI (two-way ANOVA with Tukey’s post-hoc test; Interaction effect of Injury and 

Time: F (1,12) = 69.17, **** p<0.0001: Adolescent Naïve/Sham vs. Mod-CCI-TBI) (Fig. 

5 E).  

Microglia had a clear and pronounced downregulation of CX3CR-1 post TBI. 

Around 40% of Microglia could be quantified as CX3CR-1low following TBI, with no 

difference between age of injury, at 5-days post-injury, which persisted above 20% until 

14-days post-injury (two-way ANOVA with Tukey’s post-hoc test; Interaction effect of 

Injury and Time: F (3, 30) = 3.995, *** p<0.001: Age-matched Naïve/Sham vs. Mod-

CCI-TBI) (Fig. 5 F). Two-weeks following adolescent CCI-TBI, a significant percentage 

of CX3CR-1low microglia were also positive for PSD95. Specifically, we found a 

significant increase in CX3CR-1low/PSD95+ microglia in adolescent Mod-CCI-TBI 

hemispheres compared to adolescent Naïve/Sham controls (Fig. 5 G) (one-way ANOVA: 

F = 5.250 with Tukey’s post-hoc test; p<0.05). These results suggest that inflammatory 

responses following TBI are age-specific as the activation and phagocytosis status of 

microglia and infiltration of monocytes persists in the adolescent injured brain compared 

to the faster resolution seen in adult injury. 
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Figure 5. Adolescent Mod-CCI-TBI induces immune infiltration and microglial 
phagocytosis of neuronal proteins in the ipsilateral hemisphere. 

(A) Gating strategy for identification of immune cells and microglia. (B) The percentage 
of infiltrating monocytes identified as CD11b+ CD45+ Ly6G- Ly6C+ demonstrated a 
severity-dependent step-wise increase two-weeks following adolescent CCI-TBI. Mod-
CCI-TBI resulted in a higher percentage of infiltrated monocytes compared to Naïve/Sham, 
and Mild-CCI-TBI (one-way ANOVA, *p<0.05). (C) At various time points post 
adolescent Mod-CCI-TBI, infiltrating monocytes were separated by high, intermediate 
(int), and low Ly6C expression. At two-weeks post injury the profile of infiltrating 
monocytes comprised of 5.5% Ly6Cint out of a total of 10%. When compared to adult Mod-
CCI-TBI (striped), adolescent-injured animals had significantly higher percentages of 
Ly6Cint at both 5- and 14-days post Mod-CCI-TBI. Adolescent-injured animals also had 
significantly higher percentage of persisting Ly6Clow monocytes at 14-days post injury 
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(Student’s t tests, p< 0.05). Further analysis of Ly6Cint monocytes revealed significant co-
expression of Ly6G (D) and CD64 (E). (F) The population of microglia was identified as 
CD11b+ CD45+ Ly6G- Ly6C+. In both adolescent and adult Mod-CCI-TBI, microglia had 
a pronounced downregulation of CX3CR-1 in the impacted hemisphere at 5-days post 
injury, which persisted and was still strongly present at 14-days post-TBI. (G) Two-weeks 
following adolescent Mod-CCI-TBI, microglia that had downregulated CX3CR-1 were 
also positive for the neuronal marker PSD95. Mod-CCI-TBI induced more CX3CR-1low 
PSD95+ microglia compared to Naïve/Sham adolescent mice (one-way ANOVA, *p<0.05) 
N=3-4 per condition. 

 
 
 
To observe whether a similar profile of microglial response was observed in key 

regions of the reward pathway that mediate reward-motivated behavior seen in CPP, 

analyses were then focused on the degree of microglial phagocytosis of neuronal proteins 

using punch-outs of the PFC and NAc. We report no differences in TBI-induced CX3CR-

1low and PSD95+ microglia two-weeks following adolescent or adult injury in the PFC 

(data not shown). While we report no difference in the total induction of CX3CR-1low 

microglia between adolescent and adult Mod-CCI-TBI at either 5-days or 2-weeks post 

injury in punch-outs of the NAc (Fig. 6 A), increased numbers of microglia with low 

CX3CR-1 and the co-expression of PSD95 were found at 2-weeks post-TBI in adolescent 

Mod-CCI-TBI mice only (two-way ANOVA with Sidak's multiple comparisons test: time 

post injury effect : F (1, 28) = 12.52, p < 0.05) (Fig. 6 B). This data suggests that TBI 

affects microglial interaction with neurons in mesolimbic brain regions known to be 

ongoing during adolescence but not adulthood. 
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Figure 6. Adolescent Mod-CCI-TBI increases microglial phagocytosis of 

neuronal proteins in the nucleus accumbens. 
At either 5-days or two-weeks following adolescent Mod-CCI-TBI, the NAc was excised 
and processed for microglia that had downregulated CX3CR-1 and also were positive for 
the neuronal marker PSD95. (A) Mod-CCI-TBI increased CX3CR-1low microglia 
compared to sham in both adolescent and adult injuries while no differences in total 
percentages of CX3CR-1low microglia in the NAc following either adult or adolescent Mod-
CCI-TBI. (B) Only adolescent Mod-CCI-TBI induced more CX3CR-1low PSD95+ 
microglia in the NAc compared to sham mice at two-weeks post-injury (two-way ANOVA, 
*= p<0.05).  N=4-6 per condition. 
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CCI-TBI Increases Blood-Brain Barrier Permeability in the Prefrontal Cortex 

and Nucleus Accumbens 

Another hallmark of TBI-induced neuropathology is loss of BBB integrity at the 

site of impact (Lozano et al., 2015). Disruption of vasculature creates a breach of the 

CNS microenvironment and propagates secondary mechanisms of injury. Recently we 

reported that BBB hyperpermeability occurs beyond the initial area of impact (Lutton et 

al., 2017). Therefore, next we evaluated BBB integrity within the reward circuit by 

quantifying changes in expression of the TJP occludin (green) and tricellulin (cyan) in 

microvessels isolated from ipsilateral PFC and NAc by a dextran centrifugation 

technique. As demonstrated in Fig. 7 A-D, expression of TJP is organized in Sham 

conditions, indicative of intact BBB (yellow arrows) but disorganized and punctate 

(white arrows) 24 hr following CCI-TBI in PFC and NAc (Fig. 7 E-H). Immunoreactivity 

was quantified from 3 vessels per animal at n=3 per group using Imaris software. 

Intensity per unit length was significantly decreased in both PFC (Fig. 7 I) and NAc (Fig. 

7 J) for tricellulin and occludin in CCI-TBI, which suggests significantly increased BBB 

hyperpermeability in reward nuclei compared to Sham. Two-way ANOVA, p<.01. 

Adolescent CCI-TBI Reduces Synaptic Arborization Complexity and Spine 

Density in the Nucleus Accumbens 

The increase in microglial phagocytosis of neuronal proteins may be indicative of 

structural changes in neuronal arborization and synaptic plasticity in the NAc after TBI. 

Therefore, we performed morphometric analyses of Golgi-cox stained medium spiny 

neurons in the NAc using reflective confocal microscopy and 3D volumetric rendering. 

Neuronal dendrites and spines were identified in adolescent sham, adolescent Mod-CCI-  
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Figure 7. Blood-Brain-Barrier (BBB) permeability assessed by tight junction protein 

(TJP) immunoreactivity in isolated microvessels. 
(A-H) Representative images of TJP expression in microvessels isolated from the 
prefrontal cortex (PFC) and nucleus accumbens (NAc). Ipsilateral PFC (A, B, E, F) or NAc 
(C, D, G, H) was excised and microvessels were isolated using a dextran centrifugation 
technique. Microvessels were imaged by confocal microscopy for expression of TJPs: 
occludin (green), tricellulin (cyan). Expression of TJP is organized in Sham conditions, 
indicative of intact BBB (yellow arrows) but disorganized and punctate (white arrows) 24 
hr following adolescent Mod-CCI-TBI in PFC and NAc. (I&J) Immunoreactivity was 
quantified from 3 vessels per animal at n=3 per group using Imaris software. Intensity per 
unit length was significantly decreased in both PFC (K) and NAc (L) for tricellulin and 
occludin in CCI-TBI compared to Sham. Two-way ANOVA, p<.01. 
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TBI (Fig. 8 A-B), adult Naïve/Sham, and adult Mod-CCI-TBI. Apical dendritic branches 

projecting away from the cell body were evaluated for the number of branching points 

per neuron. Using two-way ANOVA with Tukey’s post-hoc test, we report an Interaction 

effect of injury severity and age and significant reduction in dendritic branching points in 

adolescent Mod-CC-TBI when compared to adolescent Naïve/Sham, Mild-CCI-TBI, or 

to adult mice in a step-wise increase of injury severity (F (2, 12) = 6.509, adolescent 

Naïve/Sham/Mild-CCI-TBI: p<0.01, adult Naïve/Sham: p<0.01, adult Mild-CCI-TBI: 

p<0.001, adult Mod-CCI-TBI: p<0.0001) (Fig. 8 C). Similarly, we report significant 

reduction in total dendritic length (µm) (F (2, 12) = 20.51, adolescent Naïve/Sham: 

p<0.05, adolescent Mild-CCI-TBI: p<0.001, adult Naïve/Sham, Mild, and Mod-CCI-TBI: 

p<0.01) (Fig. 8 D) and spine density per 100µm in NAc following only adolescent Mod-

CCI-TBI (F (2, 12) = 6.656 adolescent Naïve/Sham/Mild-CCI-TBI: p<0.01, adult 

Naïve/Sham, Mild- and Mod-CCI-TBI: p<0.001) (Fig. 8 E). Interestingly, analysis of 

spine length revealed the opposite pattern in that adolescent Mod-CCI-TBI NAc neurons 

demonstrated significantly increased average spine length compared to adolescent 

Naïve/Sham, Mild-CCI-TBI or adult mice of any injury severity (F (2, 12) = 46.96: 

p<0.001) (Fig. 8 F). Collectively, these findings indicate that TBI during adolescence 

may result in aberrant synaptic and neuronal pruning that could lead to maladaptive 

remodeling of neuronal structures within reward substrates.  

CCI-TBI Alters Expression of Dopamine System-Related Genes 

Given our findings that adolescent Mod-CCI-TBI results in changes to the reward 

circuitry at the structural level of neuronal morphology in the NAc, we next investigated 

how these structural modifications could affect functional DA neurotransmission by  
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Figure 8. Adolescent Mod-CCI-TBI alters NAc dendrite and spine morphology. 

(A) Representative images of Golgi-cox staining of 300µm segment of cerebral tissue. 
Magnified area demonstrates spine morphology in the NAc of mice two-weeks post 
adolescent CCI-TBI. (B) Compiled Z stack dataset in high resolution examines 
morphological features of Golgi-cox stained neurons from mice in 3-D rendered 
reconstructions using the Imaris software (scale bar = 30µm). Magnified area shows a 
representative neuronal soma (black) and apical dendrites (red) with distinct elongated 
spine morphology (blue) (scale bar = 10µm). Quantification of differences between varied 
adult and adolescent TBI severities at two-weeks post injury reveal adolescent Mod-CCI-
TBI resulted in decreased dendritic branching points (C), dendritic length (D), and spine 
density (E). Average spine length was increased following adolescent Mod-CCI-TBI (F). 
(two-way ANOVA, *= p< 0.05, **= p<0.01, ***= p<0.001, ****= p<0.0001). N=3-4 per 
condition. 
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evaluating changes in DA-associated gene expression. Alterations in DA transmission 

have been observed following TBI (Y. H. Chen et al., 2017; Donnemiller et al., 2000; 

Wagner et al., 2005). To determine whether the effect on cocaine sensitivity may be 

related to TBI-induced changes in expression of DA related genes, qRT-PCR was 

performed in the NAc two-weeks following adolescent and adult CCI-TBI. Figure 9 

demonstrates that, while we found no effects of TBI on expression of the DAT, both DA 

receptor type 1 (DR1) and DR2 were significantly downregulated in the NAc following 

adolescent Mod-CCI-TBI (Fig. 9 A) yet significantly upregulated in adult TBI compared 

adult naïve/sham (Fig. 9 B) or to adolescent Mod-CCI-TBI (Fig. 9 C) . In addition, 

changes in genes related to vesicular transport, vesicular monoamine transporter (VMAT) 

and synthesis of DA, tyrosine hydrolase (TH), were seen only following adult TBI in the 

NAc (Fig. 9 B). In order to evaluate whether the structural changes and phagocytosis of 

synaptic proteins coincide with changes in their gene expression, qRT-PCR analyses 

were also performed on alpha synuclein (aSYN), a pre-synaptic neuronal protein 

involved in DA release and transport. Figure 9 also reveals downregulation of aSYN in 

the NAc following adolescent CCI-TBI (Fig. 9 A). Adolescent Naïve/Sham vs Adult 

Naïve/Sham comparisons show age-dependent, basal differences in expression of 

VMAT, MAOA, and aSYN (Fig. 9 D). Consequently, these analyses point to both age- 

and injury-mediated effects on the DA system within nuclei implicated in processing the 

rewarding effects of cocaine, as evident by changes in key dopaminergic gene expression. 
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Figure 9. CCI-TBI alters the expression of dopamine-associated genes in the 

reward circuitry in age-specific patterns. 
The nucleus accumbens (NAc) was isolated two-weeks following either sham or Mod-
CCI-TBI in adolescent and adult animals. qRT-PCR was used to profile changes in the 
following dopamine-associated genes: DAT, DR1, DR2, VMAT, TH, MAOA, and aSYN. 
Data were analyzed by DDCt, normalized to 18S, and are expressed as mean ± SEM fold 
change. (A) Adolescent Naïve/sham vs Adolescent Mod-CCI-TBI comparisons show 
significant downregulation of DR1, DR2, and aSYN following injury. (B) Adult Naïve vs 
Adult Mod-CCI-TBI comparisons show significant downregulation of TH and 
upregulation of DR1, DR2, and VMAT following injury. (C) Adolescent Mod-CCI-TBI vs 
Adult Mod-CCI-TBI comparisons show significant age-specific differences in DR1 and 
DR2 expression following injury. (D) Adolescent Naïve/Sham vs Adult Naïve/Sham 
comparisons show age-dependent, basal differences in expression of VMAT, MAOA, and 
aSYN. Statistical significance was determined by Student t test. *= p<0.05, **= p<0.01. 
N=4 per condition. 
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Discussion 

Adolescent TBI severity affected infiltration of monocytes in step-wise manner 

and persisted for 14- and 28-days after moderate TBI compared to the immune cell 

infiltration profile in adult Mod-CCI-TBI mice. Interestingly, the total percentage of 

infiltrating monocytes did not differ following adolescent or adult Mod-CCI-TBI. 

However, the majority of persistent monocytes seen in adolescent TBI were classified as 

Ly6Cint, which are associated with a more destructive, prolonged inflammatory response 

compared to classical (proinflammatory) Ly6Chigh or non-classical (patrolling, pro-

resolving) Ly6Clow infiltrating immune cells (Fischer et al., 2011; Jones et al., 2018; Li et 

al., 2010). Specifically, following adolescent Mod-CCI-TBI, our observed increase in 

Ly6Cint also positive for CD64 expression agrees with Li and colleagues who reported 

finding Ly6Cint monocytes also positive for phagocytic markers such as CD64. Such 

expression was induced by and correlated with levels of Interferon-1 in a systemic lupus 

model (Li et al., 2010). In a stroke model, Jones et al. reported that prolonged immune 

cell infiltration may be associated with worse pathology, inflammation, and poorer 

outcome (Jones et al., 2018). Notably, our detection of higher levels of unresolved 

immune infiltration at 14-days post adolescent Mod-CCI-TBI, the time point at which 

mice were first exposed to the cocaine CPP assay, supports the possibility that 

inflammation within the reward circuitry increases sensitivity to cocaine and perhaps to 

other drugs of abuse. Collectively, these findings and our results suggest that 

inflammatory system responses are more complicated than supported by a binary 

(proinflammatory vs. pro-resolution) classification and suggest that additional studies are 
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needed to better characterize how subset-specific functions alter brain function, brain 

development, and behavior. 

Beyond classifying microglia status as either ramified when quiescent or 

amoeboid when activated, several studies have also reported pruning-dependent 

phagocytosis of neuronal proteins by microglia, demonstrating a functional role of the 

brain’s innate immune cells in the process of neuronal pruning (Brown & Neher, 2014; 

Dissing-Olesen et al., 2014; Paolicelli et al., 2011; Wake et al., 2013). Although our 

findings of increased microglial phagocytosis of neuronal proteins in combination with 

decreased dendritic spine density in the NAc following adolescent TBI do not provide 

mechanistic causality, they suggest that there may be an age-specific susceptibility to 

activated microglia mediating ongoing synaptic pruning. We also report increased 

average spine length in the NAc of adolescent Mod-CCI-TBI mice, a known phenotype 

of filopodia or long, thin spines (Spiga, Mulas, Piras, & Diana, 2014). Long thin spines 

are also associated with excitatory synaptic activity (Matsuzaki, Honkura, Ellis-Davies, 

& Kasai, 2004). Therefore, the changes in dendritic spine morphology as a potential 

consequence of TBI-induced microglial activation may account for increased sensitivity 

to the reinforcing properties of cocaine after adolescent brain injury. Throughout 

adolescent cognitive development, the maturation of neural circuits remains incomplete 

due to two ongoing processes: pruning and myelination (Tau & Peterson, 2010). Active 

myelination during adolescence is responsible for strengthening white matter tracts in a 

posterior-anterior direction wherein neural projections to the PFC are the last to mature, 

later in adulthood (Hartley & Somerville, 2015). Particularly in the PFC, cortical 

innervation of dopaminergic projections underlying sensitivity to rewarding stimuli, such 
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as the reinforcing properties of cocaine, remains inchoate throughout adolescence (Manitt 

et al., 2011; Naneix et al., 2012; D. M. Walker et al., 2017). Such myelination and 

strengthening of white matter tracts are associated with neural signaling that regulates 

executive cognitive functions that are underdeveloped during adolescence (Fig. 1). 

Therefore, impairments in decision making, complex reasoning, and impulse control may 

also contribute to behavioral deficits observed in SUD populations (Hartley & 

Somerville, 2015; Ryan et al., 2018; D. M. Walker et al., 2017; Wilde et al., 2008; Yu et 

al., 2017). Furthermore, neuronal synaptic pruning, the process underlying gray matter 

volume and cortical maturation, peaks during adolescence (Penzes, Cahill, Jones, 

VanLeeuwen, & Woolfrey, 2011). Thus, the adolescent brain, already undergoing peaked 

pruning and underdeveloped myelination, may be a primed environment, wherein TBI-

induced inflammation exacerbates microglial activation resulting in maladaptive pruning 

and compromised neuronal circuitry development. This altered neural circuitry could 

result in increased sensitivity to the rewarding effects of subthreshold doses of cocaine 

and perhaps other drugs of abuse, as indicated by our findings. 

Chronically activated microglia and/or macrophages are considered a hallmark of 

unresolved inflammation (McKee & Lukens, 2016). CX3CR-1 is expressed by neurons 

while the receptor for CX3CR-1 is expressed by microglia. Furthermore, Paolicelli and 

colleagues showed that mice with microglia lacking the fractalkine receptor have higher 

densities of neuronal spines and functional synapses during early postnatal development 

(Paolicelli et al., 2011). Their group also demonstrated that CX3CR-1KO mice exhibited a 

transient reduction of microglia and a consequential deficit in synaptic pruning (Zhan et 

al., 2014). While microglial phagocytosis of dead or dying neurons is considered a 
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beneficial and natural brain remodeling processes, there now is evidence that microglia 

also phagocytose viable neurons during certain conditions such as inflammation (Neher, 

Neniskyte, & Brown, 2012). Microglia have also been down to downregulate the 

expression of CX3CR-1 in other inflammatory conditions. For example, Wynne et al. 

demonstrated downregulation of CX3CR-1 expression in microglia following 

lipopolysaccharide (LPS) injection (4 and 24 hrs) with a simultaneous increase in IL-1b 

production (4 hrs). In addition, prolonged reduction of CX3CR-1 correlated with a 

delayed recovery from sickness behavior, prolonged IL-1b production, and decreased 

transforming growth factor beta (TGFb) expression (Wynne, Henry, Huang, Cleland, & 

Godbout, 2010). Our results demonstrate reduced CX3CR-1 in microglia following TBI, 

which in contrast to Paolicelli et al, was correlated with a significant increase in the 

phagocytosis of neuronal proteins, an effect that may be suggestive of aberrant synaptic 

pruning as a result of adolescent TBI. Furthermore, an established consequence of 

reactive microglia is an exaggerated neuroinflammatory cytokine response. 

     The results of our qPCR data are consistent with previous evidence that DA 

neurotransmission is altered by addiction and by TBI (Di Chiara & Imperato, 1988; 

Koob, 2013; McFarland, Davidge, Lapish, & Kalivas, 2004; Nestler, 2005; Wee & Koob, 

2010). Clinically, the persistence of DA deficits in the striatum and NAc of TBI patients 

has been observed several months after injury (Donnemiller et al., 2000). Preclinical 

studies expand upon these findings and demonstrate a biphasic DA response following 

experimental TBI. Huger and Patrick showed an early increase in DA levels in several 

brain regions, including cortex and striatum, within hours after TBI (Huger & Patrick, 

1979). In contrast, Chen et al. recently evaluated the effect of adolescent TBI on nicotine-
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reward behavior impairment and confirmed previous findings of suppressed release of 

DA in the NAc 2 weeks following TBI (Y. H. Chen et al., 2017) without nicotine on 

board, and reported an exacerbation of nicotine suppression of DA release by TBI (Y. H. 

Chen et al., 2018). Similarly, the recent work by Vonder Haar and colleagues that 

reported significantly higher cocaine self-administration after TBI also identified changes 

in dopaminergic signaling 2 weeks post-TBI (Vonder Haar et al., 2018). Specifically, 

they found that mild and severe TBI resulted in lower DR1 levels in the striatum and that 

mild TBI increased DR1 levels in the NAc. Principal component analyses also revealed 

lower DR2 expression in the accumbens in combination with lower DAT in the striatum 

in severe TBI animals compared to sham controls (Vonder Haar et al., 2018). 

Subsequently, Wagner et al. reported significant deficits in DA release and reuptake via 

the DAT 2 weeks following TBI. Their study also showed significant downregulation of 

DAT expression in the striatum of TBI animals (Wagner et al., 2005). Further, Yan et al. 

report significant increases of tyrosine hydroxylase (TH), the rate limiting enzyme in DA 

synthesis, in the cortex, striatum, and substantia nigra up to 4 weeks following TBI (Yan 

et al., 2001; Yan et al., 2007). While our findings did not detect NAc increases in TH or 

TBI-induced differences in DAT levels in the NAc, we do report significant down 

regulation of DR1 and DR2 of our adolescent Mod-CCI-TBI animals. Although the 

cellular and neurochemical mechanisms underlying enhanced cocaine rewarding efficacy 

in adolescent TBI mice is unclear, dopamine D2 receptor downregulation may be a 

contributing factor. Indeed, a recent meta-analysis study investigating dopamine 

dysfunction found that human cocaine users displayed lower levels of dopamine D2/3 

receptors compared to cocaine-naïve controls (Ashok, Mizuno, Volkow, & Howes, 
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2017). Previous preclinical studies indicate that rhesus monkeys with lower dopamine D2 

receptor availability are especially responsive to cocaine's reinforcing effects (Czoty et 

al., 2007; Nader et al., 2006). Given that adolescent TBI mice in our study showed both 

an enhanced preference for cocaine and a decrease in D2 receptor gene expression in the 

mesolimbic circuit, it is possible that brain injury suffered during adolescence lowers the 

availability of D2 receptors, thereby enhancing vulnerability to CUD. Future experiments 

assessing protein levels of dopamine markers and extracellular levels of dopamine in 

mesolimbic substrates are planned to further probe dopaminergic dysfunction as a link 

between TBI and cocaine reward and dependence. 
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CHAPTER 4: SEXUAL DIVERGENCE IN REWARD AND IMMUNE 

RESPONSES FOLLOWING EXPERIMENTAL ADOLESCENT 

TRAUMATIC BRAIN INJURY 

Introduction 

Among adolescents and young adults, the risk of TBI has conventionally been 

thought to be male dominated as the absolute number of TBIs occur more frequently in 

males. However, epidemiological reports in comparable sports indicate rates of 

concussions are higher and recovery time is longer following brain injury in females 

(Covassin, Swanik, & Sachs, 2003; Iverson et al., 2017; Semrud-Clikeman & Klipfel, 

2016). While the inclusion of females in early-life TBI research is increasing, several 

studies have yet to consider the effect of fluctuating hormones and simply evaluated 

outcomes in females compared to males with controversial findings. For example, using 

data from the injury surveillance system known as the High School Reporting 

Information Online, Gessel et al. determined that concussions made up a greater 

percentage of total injuries for high school female athletes and females sustained higher 

rates of concussions compared to male athletes in sports played by both sexes (Gessel, 

Fields, Collins, Dick, & Comstock, 2007). Further, Broshek and colleagues compared 

pre- and post-injury cognitive performance in high school and collegiate athletes who 

experienced a concussion from participation in contact sports, which was comprised of 

75% males and found that females demonstrated significantly greater declines in reaction 

time tests and found cognitive impairments in females 1.7 times more frequently than 

males (Broshek et al., 2005). By contrast, Ono et al. also studied concussion rates and 

recovery among high school athletes and while they report increased symptom frequency 
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in females, recovery trajectories were similar compared to males (Ono et al., 2016). Sex 

difference following pediatric brain injury, commonly caused shaken baby syndrome, 

falls in toddlers, and bicycle and transportation related injuries are less likely due to 

levels of sex specific hormones but rather to sex differences in anatomical development 

(e.g. skull thickness, neck strength, face to cranial ratio, developmental myelination and 

pruning, gyri complexity, etc.) (Covassin et al., 2003; Dick, 2009).  

In the context of preclinical investigations of TBI-induced neuroinflammation, 

Villapol et al. described more aggressive neuroinflammatory profile following brain 

injury in male mice (Villapol, Loane, & Burns, 2017). Specifically, using a model of 

moderate-severe CCI-TBI in young adult mice, Villapol and colleagues reported that  

while females demonstrated reduced peripheral macrophage infiltration, cell death, and 

lesion volume at the acute stages within the first week after injury, the female 

inflammatory response becomes indistinguishable from that of males when analyzed at 

chronic stages, suggesting neuroprotection following TBI in females may be a transient 

effect (Villapol et al., 2017). Still, sex-specific microglial morphology, inflammatory 

response, and subsequent synaptic pruning by phagocytosis of neuronal spines has not 

been elucidated in the context of TBI and SUD susceptibility (Caplan, Cox, & Bedi, 

2017).  

While the neurotrauma literature discussed above supports the notion that females 

generally display neuroprotection following injury, addiction research consistently 

reports that females demonstrate a higher propensity of telescoping, a phenomenon where 

users go from initial drug use to maintenance of drug-taking at faster rates than males 

(Anker, Gliddon, & Carroll, 2008; Kippin et al., 2005). Sensitivity to the rewarding 
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effects of cocaine following adolescent injury in females has yet to be investigated. To 

date, both clinical and preclinical research has suggested that females are more 

vulnerable to addiction than males. For example, in an adult animal model of cocaine 

self-administration, Lynch and Taylor found that female rats self-administered more 

cocaine while male rats were better able to control cocaine intake over time (Lynch & 

Taylor, 2004). These authors expanded upon this research and determined that female sex 

hormones played a role in the observed behavior as cocaine intake was reduced by 

ovariectomy and restored by exogenous estrogen replacement (Lynch & Taylor, 2005). 

Similarly, Doncheck and colleagues found increased rates of cocaine-seeking and 

reinstatement, a correlate of drug relapse, in ovariectomized female rats treated with 

exogenous estrogen (Doncheck et al., 2018). These findings point to a role of sex 

hormones in SUD vulnerability and are consistent with clinical data reporting higher rates 

of cocaine use disorder among adolescent females than males (K. Chen & Kandel, 2002).  

TBI is still a major cause of morbidity and mortality among females and females 

should be better represented in clinical studies of long-term psychiatric effects of earl-life 

TBI and in preclinical investigations of potential underlying mechanisms. Therefore, the 

following studies were designed to investigate the magnitude of the influence of sex 

differences in SUD vulnerability following adolescent TBI. Freely-cycling adolescent 

female mice were exposed to our model of CCI-TBI, tested for motor deficits as 

exclusionary criteria, and tested for sensitivity to the rewarding efficacy of subthreshold 

doses of cocaine two weeks later using the CPP assay. Next, experiments sought to 

determine sex differences in acute and chronic neuropathology and characterize the 



 81 

inflammatory profile including microglial morphology and phagocytosis status following 

adolescent CCI-TBI in females compared to males. 

Materials and Methods 

Animals 

For all experiments, six-week old male and female C57BL/6 mice were purchased 

from The Jackson Laboratory (Bar Harbor, ME). Upon arrival, mice were group housed 

under a 12 h/12 h light/dark cycle with ad libitum access to food and water. Mice were 

given a 5-7-day period of acclimation to the University Laboratory Animal Research 

facility at the Lewis Katz School of Medicine at Temple University (Philadelphia, PA) 

prior to the administration of experimental traumatic brain injury. All experiments were 

approved by the IACUC at Temple University and the NIDA–IRP Animal Care and Use 

Committee and complied with the Guide for the Care and Use of Laboratory Animals 

(NIH, Publication 865- 23). 

Rotarod 

Motor performance was assessed at 48 hrs and 7 days following induction of 

experimental TBI. A rotarod apparatus equipped with a 3 cm rotating rod and five lanes 

each with an automatic timer and falling sensor was used (40 cm W x 30 cm D x 38 cm 

H) (Ugo Basile, Mt. Laurel, NJ). Before the testing sessions, mice were habituated to stay 

on the rod at a constant speed of 4 rpm for two 3 min trials. During testing sessions, mice 

were placed on the rod with the speed set to accelerate from 4-40 rpm over a duration of 

5 min. Each testing session consisted of three 5 min trials. Latency to fall from the 

rotating rod was recorded. Post-injury motor performance was compared to within-
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subject baseline performance recorded the day before injury to evaluate any motor 

deficits resulting from TBI. 

Traumatic Brain Injury by Controlled Cortical Impact 

Following the acclimation period, experimental TBI of three severities (Sham, 

Mod, and Severe), was administered to different groups of mice using an Impact OneTM 

Stereotaxic CCI Instrument (Leica Microsystems, Buffalo Grove, IL) outfitted with a 

piston (2-mm diameter) as previously described (S. F. Merkel et al., 2016; S. F. Merkel et 

al., 2017). Mice were anesthetized using vaporized isoflurane (5% induction, 2% 

maintenance) and placed in a Just for MouseTM Stereotaxic Instrument (Stoelting Co., 

Wood Dale, IL). An Ideal Micro-DrillTM (CellPoint Scientific Inc., Gaithersburg, MD) 

with a 0.5-mm, rounded burr was used to perform a craniectomy removing a 4-mm bone 

flap located to the right of the sagittal suture between lambda and bregma under a Zeiss 

Stemi 2000-C stereomicroscope (Carl Zeiss Microscopy, LLC, Thornwood, NY) 

equipped with a SCHOTT EasyLED Ringlight (SCHOTT North America Inc., Elmsford, 

NY). The electro-magnetically-driven piston was placed at the surface of the exposed 

parenchyma and a single discharge (Mod: speed: 4.5 m/s, dwell time: 0.5 sec, depth: 2 

mm; Severe: speed: 6.0 m/s, dwell time: 0.5 s, depth: 2 mm) produced Mod- or Severe-

CCI-TBI in 6-week-old, adolescent male and female mice. The craniectomy site was then 

covered by a sterile, 6-mm glass cover slip (ProSciTech Pty Ltd, Kirwan, Australia) 

adhered to the skull using VetbondTM tissue adhesive (3M, St. Paul, MN). Post-

operatively, mice were individually-housed to ensure surgical recovery and weighed and 

monitored daily for 7 days. Sham controls (craniectomy only) underwent identical 
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surgical procedures except impactor discharge. Naïve controls were individually housed 

at the same time as experimental mice.  

Cocaine CPP 

Two weeks following TBI, behavior was assessed using a biased CPP assay as 

previously described (S. F. Merkel et al., 2016; S. F. Merkel et al., 2017) and detailed in 

Chapter 2. As before, compartment bias was determined during the pre-test, when mice 

had access to both compartments through a door opening in the divider wall for 30 min 

and time spent in each compartment was recorded. The compartment with a lower 

residence time was assigned as the drug-paired, least-preferred compartment. During the 

conditioning phase, mice were randomly assigned to receive one of 3 doses of cocaine, 

administered in the morning by IP injection (vehicle, 1.25, 2.5, 10, or 30 mg/kg). Each 

mouse was immediately placed in its least-preferred compartment for 30 min following 

IP cocaine without access to the preferred compartment. After a minimum of 4 hours, 

mice were injected with 0.9% saline and placed in the preferred compartment for 30 min. 

This schedule persisted for 6 days. During the post-test, mice were placed in the chamber 

again for 30 min with free access to both compartments without any injections. The 

rewarding effects of cocaine were evaluated by a place preference shift, which was 

calculated by subtracting the time spent in the drug-paired compartment during the pre-

test from the time spent in the drug-paired compartment during the post-test. When 

testing or conditioning occurred on the same day, mice assigned to various injury severity 

conditions were distributed equally to control for any influence of time of test.  
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Vaginal Cytology 

Stage of estrous cycle (proestrus, estrus, metestrus, and diestrus) was determined 

by epithelial cell morphology after vaginal lavage using a protocol previously described 

by others (Byers, Wiles, Dunn, & Taft, 2012; Cora, Kooistra, & Travlos, 2015; Goldman, 

Murr, & Cooper, 2007; McLean, Valenzuela, Fai, & Bennett, 2012). Female mice were 

placed on the lid of the cage or procedure bench and gently grasped by the base of the tail 

to gently lift the hind legs and expose the vaginal area. The tip of a sterile cotton swab 

dipped in ambient temperature sterile saline was briefly inserted and gently twisted to 

collect vaginal epithelial cells. Vaginal epithelial cells were then transferred to a glass 

microscope slide (12-550-15 Fisherbrand™ Superfrost™ Plus Microscope Slides) by 

rolling the swab across the slide allowing for later determination of estrous stage by 

microscopic analysis of cellular composition and morphology. This procedure was 

performed at the same time each day, for a minimum of five days prior to and on the day 

of CCI-TBI or sham surgical procedures. Naïve females were swabbed for the same 

number of days as experimental mice. 

For microscopic analysis of cellular composition and morphology, slides were 

placed in a 0.1% crystal violet solution (C581-25, Certified Biological Stain, Fisher) for 1 

min, removed and then washed for 1 min in ddH2O twice. Slides were allowed to dry 

thoroughly before being imaged under a light microscope. Stage of estrous cycle was 

determined by the following cellular composition: Proestrus: mostly nucleated cells, 

some cornified epithelial cells may be present and some leukocytes may be present in 

early proestrus; Estrus: mostly cornified epithelial cells are present; Metestrus: some 
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cornified epithelial cells and polymorphonuclear leukocytes present; Diestrus: primarily 

polymorphonuclear leukocytes, some epithelial cells may be present during late diestrus.  

Flow Cytometry 

Brain tissue was harvested from a separate cohort of mice at either 2, 5, 14, or 28 

days post- CCI-TBI and analyzed for both the impacted and non-impacted hemispheres. 

Tissue was placed into HBSS and held on ice until processing. The cerebellum was 

removed, and hemispheres were separated using a mouse brain matrix (Zivic Instruments, 

Pittsburgh, PA) and clean razor blades. Each hemisphere was homogenized in RPMI in a 

5-mL ounce homogenizer (12-16 strokes) using a previous protocol (LaFrance-Corey & 

Howe, 2011). In short, homogenized brains were combined to a final 30% Percoll 

solution (9 mL percoll, 1 mL 10x PBS without calcium/magnesium, 10 mL RPMI) and 

then centrifuged in a fixed angle rotor at 7800g for 30 min RT. Floating myelin debris 

was removed, and the remaining cell solution was passed through a 40 µm cell strainer. 

The volume was brought up to 50 mL with RPMI and centrifuged at 1500 rpm for 5 min 

at RT. The cell pellet was resuspended in 1 mL FACS Buffer and transferred to 5 mL 

polystyrene flow cytometry tubes. 1 mL of Ficoll-Paque PREMIUM was carefully 

layered under the cell solution and then spun at 2500 rpm for 25 min at RT without brake. 

The white layer at the interface (~1 mL) was transferred to a new flow cytometry tube, 

washed with FACS buffer and pelleted at 1500 rpm for 5 min. Fc receptors were blocked 

for 15 min and then cells labeled using the following antibodies/reagents purchased from 

eBioscience Inc./ Thermo Fisher Scientific unless indicated otherwise: CD11b (Pacific 

Blue), CD45 (AmCyan), Ly6G (APC), Fixability dye and lineage markers (FVD, CD3, 

CD9, Siglec F, NK1.1, APC-Cy7), Ly6C (PerCP-5.5), CX3CR-1 (Pe-Cy7, Biolegend). 
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The intracellular protein PSD95 (Abcam ab76115, PE secondary) was labeled after 

fixation and permeabilization. Samples were read on a BD FACS Canto II and data 

analysis was performing using FlowJoâ software (FlowJo, LLC). Our gating strategy 

involved gating on singlet populations on FSC-H vs FSC-A and then on live lineage 

negative populations. Then microglial and leukocytes were gated as CD11b+, CD45+. 

Neutrophils were then gated by positive expression of Ly6G. Microglia were then gated 

for CX3CR-1low and PSD95+ cells. 

NAc punch-outs were processed using a modified version of the above protocol 

with reduced volumes. Brains were sectioned using the mouse matrix and tissue 

containing the NAc was excised using a brain microdissection tool 1.25 mm in diameter 

(Stoelting Co., Wood Dale, IL). 1.25 mm punchouts of the NAc from the right (impacted) 

hemisphere were homogenized using a pestle. Punchouts were resuspended in a 30% 

Percoll solution as above and centrifuged at 7800g for 30 min RT. Myelin debris was 

removed, and cells were washed, centrifuged, and underlaid with Ficoll. The interface 

was collected after a spin at 2500 rpm for 25 min at RT without brake. Cells were then 

washed and stained as described above. 

Tissue Preparation and Histology 

 Immunohistochemistry was performed on brain tissue segments to evaluate the 

degree of neuropathology in male and female mice with and without adolescent TBI. At 

two weeks post injury, anesthetized mice were transcardially perfused with PBS followed 

by Poly/LEM fixative (Polysciences, Inc.; Warrington, PA). Brains were removed and 

placed in Poly/LEM fixative for 24hrs at 4°C. 2mm segments were post-fixed in 

Poly/LEM fixative at 4°C for an additional 24hrs. Next, segments were washed with 
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PBS, processed using a Tissue-Tek® VIP® 6 (Sakura Finetek USA, Inc.; Torrance, CA), 

paraffin-embedded using a TN-1500 Embedding Console System (Tanner Scientific, 

Inc.; Sarasota, FL), and sectioned using a rotary microtome (Leica Microsystems, Inc.; 

Buffalo Grove, IL). 5μm paraffin-embedded sections from each experimental group 

(Naïve/Sham, Mod-CCI-TBI, and Severe-CCI-TBI) were cleared, rehydrated and stained 

for Ionized calcium binding adapter molecule 1 (Iba1) and neuronal nuclei (NeuN) to 

determine the activation of microglial and survival of neurons in the region of impact. 

Sections stained for Iba1 were HIER pre-treated with 10mM citric acid buffer (pH 6.0) 

prior to primary antibody incubation. Sections stained for NeuN did not receive any pre-

treatment. All sections were incubated in primary antibody prepared in Dako Antibody 

Diluent for 1hr at RT at the following dilutions: Iba1(1:400, Wako Chemicals, Cat # 019-

19741) and NeuN (1:500, BioLegend, Cat # 834501). An HRP- or AP-conjugated labeled 

polymer system (ImmPRESS Staining Kits, Vector Laboratories) was used to detect 

positive antibody staining and subsequently visualized using Sigma DAB. Sections were 

then dehydrated, and cover slipped in preparation for imaging. For analysis of chromogen 

immunostaining of Iba1, slides containing tissue sections were scanned using an Aperio 

AT2 slide scanner (Leica Biosystems) and converted to tiff files using Aperio-

ImageScope software. ImageJ analysis was performed by batch processing tiff files with 

an automated cell-counting macro. The macro was configured to perform particle 

counting on high-resolution images (ipsilateral hemisphere, 4/group, taken at 20X 

objective magnification) on immunolabeled cells. Calibrated images were sequentially 

processed for background subtraction, color threshold segmentation, and binary 

conversion (including watershed function application). These parameters identified total 
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microglial cell bodies by 12.5 μm in diameter, activated microglial cell bodies by >18 μm 

in diameter, and neuronal cell bodies by 7.1 μm in diameter which were counted by 

utilizing the analysis particles function (selected by particle area and circularity). Only 

non-viable neurons, that met the criteria of >90% loss of DAB density were included in 

the NeuN analysis. 

Statistical Analysis 

Data were analyzed for statistical significance using Prism software (version 6.0h; 

GraphPad Software Inc., La Jolla, CA). One-way ANOVA with Tukey’s post-hoc tests 

were used to analyze the rotarod and CPP data stratified by hormone level in females. 

CPP data irrespective of hormone level data in females, analysis of ipsilateral and NAc 

immune infiltration, microglial phagocytosis, and neuropathological outcomes between 

males and females for each time point were each analyzed by two-way ANOVA followed 

by Tukey’s post-hoc tests. For all tests, statistical significance was defined at p < 0.05.  

Results 

Female Mice do not Demonstrate Increased Susceptibility to the Rewarding 

Effects of Cocaine after Adolescent TBI 

As was done with males, first we assessed freely-cycling adolescent female mice 

utilizing the Rotarod assay to exclude any mice with TBI-induced motor deficits from 

further behavioral testing.  Pre-injury baseline performance was used as a percentage 

standard to show progression of ambulatory function. Mice were considered impaired and 

excluded from the CPP assay if they fell below 1.5 times the standard deviation from the 

mean latency to fall of no craniectomy control mice. Under these parameters, no female 

mice were considered impaired or excluded. As demonstrated in Figure 10 we report no 
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differences in rotarod performance at either 48 hrs (Fig. 10 A) (One-way ANOVA, injury 

severity effect: F (3, 43) = 1.299, p = 0.2869) or 7 days (Fig. 10 B) (One-way ANOVA, 

injury severity effect: F (3, 43) = 0.3138, p = 0.8153) post Sham, Mild, or Mod injury in 

adolescent female mice. These results indicate no change in motor function or 

coordination following CCI-TBI in females. 

Since we again did not observe significant effects of mice exposed to a single 

CCI-TBI of mild severity, only Mod-CCI-TBI parameters were used in females from this 

point forward. Similar to before, a biased CPP test was administered two weeks after 

CCI-TBI in order to observe behavioral responses to the rewarding effects of cocaine in 

injured adolescent females. Doses of cocaine we again chosen to represent ascending and 

descending portions of the expected inverter-U dose response curve. However, in contrast 

to male mice and due to increased sensitivity to low doses of psychostimulants that has 

been previously established, cocaine was administered once-daily at alternate doses of 

30, (descending), 10, 2.5 (ascending), and 1.25 (subthreshold) mg/kg for 6 consecutive 

days (Doncheck et al., 2018; Schenk et al., 1991; Zakharova, Wade, et al., 2009). Again, 

control mice received an equivalent volume of 0.9% saline. Without considering the 

phase of estrous cycle at the time of injury, the CPP shift of injured adolescent females 

given any dose of cocaine did not differ from naïve mice, unlike our observations in male 

mice (Fig. 10 C). (two-way ANOVA with Tukey’s post-hoc tests; cocaine dose effect: F 

(4, 138) = 12.60, p<0.0001, TBI severity effect: F (2, 138), p=0.0795). Notably, the dose 

of male subthreshold dose of 2.5 mg/kg cocaine trended towards a higher CPP shift in 

females that received Mod-CCI-TBI compared to Naïve controls, but this effect did not  
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Figure 10. Adolescent TBI in female mice does not induce motor deficits or increase 
sensitivity to the rewarding effects of cocaine. 

Results from the rotarod assay indicate no motor deficits following adolescent TBI in 
female mice 48 hours (A) or 7 days (B) after injury, justifying exclusion of subjects 
exhibiting rotarod deficits. Data are normalized to pre-injury performance. (C) CPP shift 
for cocaine in adolescent female mice tested 2 weeks following Mod-CCI-TBI. No dose-
related differences were detected in cocaine CPP shift. N = 8-14 per condition (two-way 
ANOVA, p>0.05).  
 

Figure 8. Adolescent TBI in female mice does not induce motor deficits or 
increase sensitivity to the rewarding effects of cocaine

Results from rotarod assay indicate no motor deficits following adolescent TBI in
female mice 48 hours (A) or 7 days (B) after injury, justifying exclusion of
subjects exhibiting rotarod deficits. Data are normalized to pre-injury performance.
(C) Conditioned place preference (CPP) shift for cocaine in adolescent female
male mice tested 2 weeks following CCI-TBI. No dose-related differences were
detected in CPP shift. N=8-14 per condition (Two-way ANOVA, p>.05).
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reach statistical significance. These results suggest that the effect of adolescent TBI on 

the rewarding efficacy of cocaine may present in a sex-specific manner, which has 

implications for individual treatment strategies in patients with a history of early-life TBI.  

The Role of Sex Hormones in Cocaine Reward Following Adolescent CCI-TBI 

Since high levels of female hormones, particularly 17b-estradiol (estrogen in 

humans) and progesterone which peak during the estrus phase and proestrus phase of the 

estrus cycle, respectively, has been shown to be neuroprotective after TBI, we next 

wanted to determine the influence of sex hormones on the increased sensitivity to 

rewarding effects of cocaine seen in adolescent males (Garcia-Estrada et al., 1993; 

O'Connor et al., 2005; Roof et al., 1993). Vaginal cytology samples were collected for a 

minimum of five days prior to and on the day of CCI-TBI surgery to determine phase of 

estrous cycle at the time of impact (Fig. 11 A-D). As can be expected in freely-cycling 

mice, post-hoc analyses of vaginal cytology samples from Mod-CCI-TBI mice revealed 

unequal and low numbers of mice in each estrus phase per condition (e.g. for 10 mg/kg, 

total of 1 mouse in estrus, 2 mice in proestrus, 2 mice in metestrus, and 3 mice in 

diestrus) on the day of injury (Table 1). Since these numbers are underpowered for 

appropriate statistical comparisons, the phases were collapsed into relatively high 

hormone levels: High (mice in either estrus or proestrus on day of TBI), and relatively 

low hormone levels: Low (mice in either metestrus or diestrus on day of TBI) (Table 2). 

When CPP scores were stratified by High or Low hormone levels, the effect of Mod-

CCI-TBI on CPP shift appears equivalent to what was seen in adolescent injured males. 

Specifically, we found that CPP shifts of adolescent females exposed to Mod-CCI-TBI  
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Figure 11. Representative images of vaginal cytology samples. 

Morphology of (A) nucleated epithelial cells present in proestrus, (B) cornified epithelial 
cells present in estrus, (C) cornified epithelial cells and polymorphonuclear leukocytes 
present in metestrus, and (D) primarily polymorphonuclear leukocytes and a few epithelial 
cells present in diestrus when female mice are in each respective phase of the estrous cycle. 
When stages are collapsed, proestrus and estrus are referred to as High (purple) and 
metestrus and diestrus are considered as Low (teal).  
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Table 1. Total number of female mice in each estrus phase per condition 
TBI Severity: Naive Sham Mod-CCI-TBI 
Estrus Phase: E P M D E P M D E P M D 

Cocaine Dose:  
Saline 2 1 1 2 2 2 0 2 2 3 0 2 

1.25 mg/kg 3 1 1 2 3 1 1 2 4 0 3 0 
2.5 mg/kg 4 2 3 3 3 3 2 2 3 2 4 2 
10 mg/kg 1 3 0 2 0 3 2 1 1 2 2 3 
30 mg/kg 0 3 4 4 0 3 1 3 1 1 4 2 

Using vaginal cytology samples, adolescent female mice were categorized by estrus 
phase on the day of injury (E: Estrus; P: Proestrus; M: Metestrus; D: Diestrus) 

 
 
 
 
 
 

Table 2. Total number of female mice grouped as High vs. Low hormone level 
TBI Severity: Naive Sham Mod-CCI-TBI 

Hormone Level: High Low High Low High Low 
Cocaine Dose:  

Saline 3 3 4 2 5 2 
1.25 mg/kg 4 3 4 3 4 3 
2.5 mg/kg 6 6 6 4 5 6 
10 mg/kg 4 2 3 3 3 5 
30 mg/kg 3 8 3 4 2 6 
Using vaginal cytology samples, adolescent female mice were categorized by 
relative hormone level on the day of injury (High: Estrus or Proestrus; Low: 

Metestrus or Diestrus) 
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Figure 12. High levels of female hormones at the time of adolescent TBI may protect 

 against increased cocaine rewarding efficacy. 
Individual female CPP responses stratified by high or low hormone levels determined by 
estrous phase indicates fluctuating levels of female hormones on the day of TBI may be 
protective against increased cocaine CPP shifts. Data presented is CPP shift shown for 
saline, 2.5, and 10 mg/kg cocaine. (A) CPP shifts for 2.5 and 10 mg/kg are significantly 
higher in female mice exposed to Mod-CCI-TBI with relatively low (teal) fluctuating 
female hormones on the day of injury. Lower CPP shifts in Mod-CCI-TBI female mice 
with high (purple) levels of hormones on day of TBI suggests protection against increased 
efficacy of cocaine after TBI. (B). This effect was not observed in Naïve control female 
mice. (C) CPP shifts of Naïve compared to Mod-CCI-TBI of females with low hormone 
levels only reveals a significant increase for 2.5 mg/kg and approaching significance for 
10 mg/kg. These results suggest TBI during adolescence may enhance the abuse liability 
of cocaine in adulthood and the threshold for the rewarding effects of cocaine could be 
lower in TBI patients in a sex specific manner. Two-way ANOVA, *= p<0.05, **= p<0.01.  
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given saline (Fig 12 A), 1.25 mg/kg, or 30 mg/kg (data not shown) did not differ from 

Naïve controls. However, females with relatively low levels of circulating estrogen and 

progesterone demonstrated significantly higher CPP shifts in response to doses of 10 and 

2.5 mg/kg cocaine, similar to what was observed in adolescent males (Fig. 3 C) (two-way 

ANOVA with Tukey’s post-hoc tests; effect of Hormone Level: F (1, 21) = 5.808, p = 

0.0252). In contrast, females with relatively high levels of circulating 17b-estradiol 

(estrogen in humans) and progesterone, hormones not produced in male mice, had 

significantly lower CPP shifts in response to these doses of cocaine (Fig. 12 A). 

Importantly, levels of female hormones did not affect the behavioral responses to cocaine 

observed in Naïve control females (Fig. 12 B) (two-way ANOVA with Tukey’s post-hoc 

tests; cocaine dose effect: F (2, 17) = 7.47, p = 0.0047; effect of Hormone level: F (1, 17) 

= 0.6893, p = 0.4179). CPP shifts of Naïve compared to Mod-CCI-TBI of females with 

low hormone levels only reveals a significant increase for 2.5 mg/kg and approaching 

significance for 10 mg/kg (Fig. 12 C) (two-way ANOVA with Tukey’s post-hoc tests; 

cocaine dose effect: F (2, 20) = 8.230, p = 0.0025; effect of TBI: F (1, 20) = 11.57, p = 

0.0028).  These results suggest a neuroprotective effect of high levels of female 

hormones at the time of injury against increased sensitivity to the rewarding effects of 

cocaine after Mod-CCI-TBI.   

Sex Differences in TBI-Induced Neuroinflammation 

Knowing that TBI induces a persistent and inflammatory response within the 

reward pathway and that sex differences have been established in the neuroinflammatory 

response following TBI at acute time points, we again used flow cytometry to 

characterize the infiltration of immune cells and phagocytosis status of microglia at two 
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weeks following Mod-CCI-TBI(S. F. Merkel et al., 2016; Villapol et al., 2017). Using 

Two-way ANOVA, we report an acute Interaction effect p=0.0084 (F (2, 18) = 6.312), 

Effect of Sex p<0.001 (F (1, 18) = 26.15) (Fig 13 A.). At 48 hours post injury, Tukeys 

post-hoc analysis revealed a significant increase of infiltrating neutrophils in the 

ipsilateral cortex following Mod-CCI-TBI versus Naïve/Sham in males (p< 0.05) and 

compared to Mod-CCI-TBI in females (p<0.001) but no differences in Naïve/Sham vs 

Mod-CCI-TBI in females (p>0.05). In both sexes, there is no significant infiltration in the 

contralateral hemisphere. Figure 13 B demonstrates using Two-way ANOVA, a chronic 

Interaction effect p<0.001 (F (2, 18) = 34.51). Tukey’s post-hoc test also showed a 

persistently significant increase in infiltrating neutrophils in the ipsilateral cortex two 

weeks after Mod-CCI-TBI compared to Naïve/Sham in males (p<0.0001) and compared 

to Mod-CCI-TBI in females (p<0.0001) but no effect of Mod-CCI-TBI in females 

compared to Naïve/Sham females (p>0.05).  

With regard to the percentage of microglia gated as CX3CR-1low expression at 48 

hrs post Mod-CCI-TBI, Figure 13 C demonstrates significant effect of injury severity (F 

(2, 17) = 145.3 p<0.0001) and of sex (F (1, 17) = 5.021 p=0.0387) using two-way 

ANOVA. Multiple comparisons corrected by Tukey’s post-hoc test reveal a significant 

increase in CX3CR-1low expressing microglia in the ipsilateral cortex 48 hrs after Mod-

CCI-TBI compared to Naïve/Sham in adolescent males (p<0.0001) and after Mod-CCI-

TBI compared to Naïve/Sham in adolescent females (p<0.0001). However, we report no 

significant difference between injured males compared to females at this acute time point 

(p>0.05). Similarly, there is no significant difference in CX3CR-1low expressing microglia 

in the contralateral hemisphere compared to Naïve/Sham in either sex (p>0.05). 
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Chronically, we report a significant interaction effect of TBI severity and sex on CX3CR-

1low microglial analyzed by two-way ANOVA ((F (2, 18) = 19.76, p<0.0001). Tukey’s 

multiple comparisons test further demonstrate a chronically significant increase in 

microglia in the ipsilateral cortex two weeks following Mod-CCI-TBI compared to 

Naïve/Sham in males (p<0.01). Unexpectedly, the ipsilateral cortex of females exposed to 

Mod-CCI-TBI showed persistent microglia to a higher degree than males (p<0.0001) and 

Naïve/Sham females (p<0.0001) (Fig. 13 D). As with neutrophils, we found no difference 

in CX3CR-1low microglia in the contralateral hemisphere compared to Naïve/Sham in 

either sex at either time point (p>0.05).   

Again, in order to determine the impact of sex on not only the activation status but 

also the phagocytosis status of microglia and following Mod-CCI-TBI in males and 

females, CX3CR-1low microglia from injured (ipsilateral) and non-injured (contralateral) 

hemispheres were also gated on expression of the non-endogenous neuronal synaptic 

protein, PSD95. As shown in Figure 13 E, two-way ANOVA indicated a significant 

interaction effect of TBI severity and sex (F (2, 18) = 14.08, p=0.0002). Post-hoc 

analyses using Tukey’s multiple comparisons test revealed a significant increase in 

microglia positive for the expression of PSD95 in the ipsilateral cortex 48 hrs following 

Mod-CCI-TBI in males compared to Naïve/Sham (p<0.0001) and compared to Mod-CCI-

TBI adolescent females (p<0.0001). We found no difference in co-expression of CX3CR-

1low and PSD95 in the ipsilateral cortex of Mod-CCI-TBI females compared to 

Naïve/Sham females at 48 hrs after injury (p>0.05). Similarly, there was no difference in 

the contralateral hemisphere compared to Naïve/Sham in either sex (p>0.05). At two 

weeks-post Mod-CCI-TBI, we only report a significant effect of TBI severity on  
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Figure 13. Sex differences in TBI induced immune response in the ipsilateral 

hemisphere at acute and chronic time points post adolescent injury. 
(A) The percentage of infiltrating neutrophils identified as CD11b+, CD45+ and 

Ly6G+ at 48 hours post adolescent CCI-TBI. Mod-CCI-TBI resulted in a higher percentage 
of infiltrated neutrophils only in the ipsilateral cortex in males compared to Naïve/Sham 
and Mod-CCI-TBI in females. (B) Increased neutrophil infiltration persisted in the 
ipsilateral cortex two weeks post TBI in males. (C) Microglia were identified as CD11b+ 

CD45+ Ly6G- Ly6C+ and CX3CR-1low. We report a significant increase in microglia in the 
impacted hemisphere at 48 hrs post injury with no difference between injured males or 
females. (D) This effect persisted and was more pronounced in females 2 weeks post-TBI. 
(E) Mod-CCI-TBI induced more CX3CR-1low PSD95+ microglia in males compared to 
Naïve/Sham or injured females (p<0.00001). (F) At two-weeks post Mod-CCI-TBI the sex 
differences in PSD95 positive microglia appears to resolve, however there is a persistently 
higher percentage of these cells in the ipsilateral cortex of TBI males compared to the 
contralateral cortex. (two-way ANOVA, * = p<0.05, ***= p<0.001, **** = p<0.0001) 
N=4-6 per condition. 
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CX3CR-1low PSD98+ microglia using two-way ANOVA (F (2, 17) = 6.833, p=0.0066). 

Chronically, the effect of increased PSD95 positive microglia seems to resolve as we no 

longer report significantly different between Naïve/Sham and Mod-CCI-TBI for males or 

females (Fig. 13 F). However, we report a significantly higher percentage of PSD95 

positive microglia in the ipsilateral cortex compared to the contralateral cortex two weeks 

after Mod-CCI-TBI in males (p<0.05), an effect not observed in females.  

Considering the differences in behavioral responses to the rewarding effects of 

cocaine, we next wanted to determine the influence of sex on microglial interactions with 

neuronal complexity within reward regions, particularly the NAc. Figure 14 A 

demonstrates a significant effect of sex on the percentage of CX3CR-1low microglia in the 

NAc two weeks post Mod-CCI-TBI as determined by two-way ANOVA (F (1, 14) = 

3.624, p<0.0001). Tukey’s multiple comparisons test did not demonstrate and increase in 

microglia in the NAc following Mod-CCI-TBI but did reveal a significant effect of sex in 

that we report a higher percentage of CX3CR-1low microglia in male Naïve/Sham mice 

than female Naïve/Sham mice (p<0.01). Similarly, post-hoc analyses determined that 

Mod-CCI-TBI males displayed a significantly higher percentage of microglia in the NAc 

than Mod-CCI-TBI females (p<0.01). However, with regard to PSD95+ microglia in the 

NAc two weeks post Mod-CCI-TBI, two-way ANOVA revealed a significant interaction 

effect of TBI severity and sex (F (1, 15) = 18.80, p=0.0006) (Fig. 14 B). Using Tukey’s 

multiple comparisons test, we found a significant increase in PSD95+ microglia in the 

NAc in Mod-CCI-TBI males compared to Naïve/Sham males (p<0.001). We again report 

an inherent sex difference demonstrated by an increase in PSD95 microglia in 

Naïve/Sham males compared to Naïve/Sham females (p<0.0001) as well as Mod-CCI- 
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Figure 14. Adolescent Mod-CCI-TBI does not increase microglial phagocytosis of 

neuronal proteins in the nucleus accumbens in females. 
Two-weeks following adolescent Mod-CCI-TBI in males and females, the NAc was 
excised and processed for CX3CR-1low PSD95+ microglia. (A) Mod-CCI-TBI did not 
increase CX3CR-1low microglia compared to Naïve/Sham in either males or females. 
However, we report an inherent sex difference with a higher percentage of CX3CR-1low 
microglia in males compared to females in both conditions. (B) Mod-CCI-TBI induced 
more CX3CR-1low PSD95+ microglia only in the NAc of males compared to Naïve/Shams. 
Inherent sex differences were also apparent in PSD95+ microglia for both conditions. (two-
way ANOVA, **= p<0.01, ***=p<0.001, ****=p<0.0001).  N=4-6 per condition. 
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TBI males compared to Mod-CCI-TBI females (p<0.0001). We found no significant 

difference in PSD95 positive microglia in the NAc two weeks following Mod-CCI-TBI 

compared to Naïve/Sham females (p<0.05). 

Sex Differences in Severity of TBI Pathology 

Although our behavioral data initially did not reveal TBI-mediated increases in 

rewarding efficacy of cocaine in adolescent females, the doses of 2.5 and 10 mg/kg Mod-

CCI-TBI female mice were approaching higher CPP responses at trend levels. Notably, 

this is equivalent to what we observed in adolescent male mice exposed to Mild-CCI-

TBI. Therefore, we next wanted to investigate whether induction of CCI-TBI using 

identical speed, compression depth, and dwell time parameters, actually produced 

sexually-divergent neuropathology severity as a consequence of the injury. In other 

words, does Mod-CCI-TBI in females, known to demonstrate neuroprotection against 

TBI-induced inflammation, better represent the Mild-CCI-TBI pathology seen in males, 

and thus would Severe-CCI-TBI in females more closely correspond to the Mod-CCI-

TBI pathology of males? Histological analysis of increased Iba1 expression as a 

consequence of severity of injury in the ipsilateral hemisphere at the chronic, two-week 

timepoint (Fig. 15 A-F) demonstrates a significant effect of both TBI severity (two-way 

ANOVA F: (2, 18) = 25.57 p<0.0001) and sex (two-way ANOVA F: (1, 18) = 70.67 

p<0.0001) for total number of microglia (Fig. 15 G). Tukey’s multiple comparisons test 

revealed no difference in Mod-CCI-TBI versus Severe-CCI-TBI in total number of Iba1 

positive microglia in either males or females. Generally, our findings indicate an inherent 

sex difference as females display significantly higher number of microglia in Naïve/Sham 

(p<0.01), Mod-CCI-TBI (p<0.05) and Severe-CCI-TBI (p<0.0001). Analysis of activated  
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Figure 15. Chronic sex differences in adolescent CCI-TBI-induced severity of 
neuropathology in the ipsilateral cortex. 

Representative images and 20x magnified areas of immunohistochemical detection of Iba1 
in the ipsilateral cortex in males (A-C) and females (D-F) two-weeks following 
Naïve/Sham, Mod-CCI-TBI, or Severe-CCI-TBI. Microglia are finely ramified with small 

Non-Viable Neurons 
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cell bodies in the Naïve/Sham condition for both sexes. (G) Associated bar graph 
quantifying that following CCI-TBI, the total number of microglia is significantly higher 
in all female conditions compared to males. (H) Significantly less activated microglia 
following either severity of CCI-TBI were detected in females compared to males. (I) 
Associated bar graph display imaging quantification of immunohistochemical detection of 
NeuN identifying non-viable neurons in the ipsilateral cortex two-weeks post injury (not 
shown). Sex-specific differences reveal increased loss viable neurons following XXX-
CCI-TBI. Data are presented as mean ±SEM. (two-way ANOVA, *=p<0.05, **=p<0.01, 
***=p<0.001, ****=p<0.0001) N=4 per condition. 

 
 
 
 

microglia revealed the opposite effect. Figure 15 H shows a significant interaction effect 

of TBI severity and sex (two-way ANOVA F: (2, 18) = 23.55, p<0.0001). Tukey’s 

multiple comparisons test revealed a significant increase in activated microglia in both 

severities of TBI for both males and females (p<0.0001). However, for both severities, 

females had significantly less activated microglia than males (p<0.0001). Notably, 

quantification of histological detection of NeuN, identifying non-viable neurons 

following increased severity of injury (data not shown) also revealed a significant 

interaction effect of TBI severity and sex (two-way ANOVA F (2, 18) = 9.915, 

p=0.0012) (Fig 15 I). Using Tukey’s multiple comparisons test we report a more 

pronounced step-wise increase in non-viable neurons following Mod-CCI-TBI (p<0.001) 

and Severe-CCI-TBI (p<0.0001) versus naïve in males compared to female injured versus 

naïve (p<0.05). Our findings revealed only a significant sex difference in number of non-

viable neurons following Severe-CCI-TBI with no differences in non-viable neurons 

between males and females exposed to Mod-CCI-TBI. 
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Discussion 

Sex as a biological factor is an important consideration in the context of TBI-

induced SUD vulnerability particularly given previous contradicting evidence which 

suggests females demonstrate neuroprotection in the context of brain injury, but increased 

propensity in the context of psychostimulant addiction. The initial behavioral outcomes 

of our CPP assay following TBI in adolescent female mice indicated corroboration of 

protection against negative outcomes of TBI in females compared to males. These 

findings support clinical data such as decreased risk of mortality in adolescent female 

TBI patients compared to males observed by Ley and colleagues (Ley et al., 2013).  

However, our results oppose those reported by Weil and colleagues who found increased 

alcohol consumption following TBI in female mice (Weil, Karelina, et al., 2016). 

Although these experiments and the study performed by Weil and colleagues are the only 

two investigations into sex difference in SUD following TBI, the inconsistencies 

observed are likely attributed to mouse age differences and substance of abuse used in the 

studies.  

Further post-hoc analyses utilized vaginal cytology recorded on the day of injury 

to stratify CPP data by relative level of fluctuating female hormones in order to determine 

the influence of estrous cycle on increased sensitivity to the rewarding effects of cocaine 

after TBI. Interestingly, we found that females with relatively low levels of hormones 

such as progesterone or estrogen, which are not considerable in males, demonstrated 

significantly higher CPP shifts at the same doses we observed to be augmented in 

adolescent male TBI mice. The resulting decreased CPP shifts when female mice had 

high levels of sex hormones on the day of injury replicates the established concept of 
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neuroprotection in females in preclinical TBI research (Garcia-Estrada et al., 1993; 

O'Connor et al., 2005; Roof et al., 1993). Our findings are limited by low-powered group 

numbers and the inability to distinguish between the effects of specific female hormones. 

Succeeding studies should employ ovariectomized mice treated with exogenous 

hormones to better understand the role of sex hormones in SUD following exposure to 

TBI during adolescence.  

 With regard to the TBI-induced neuroinflammatory response in adolescent 

females compared to males, our finding of a sex-specific increase in the infiltration of 

neutrophils acutely at 48 hours after injury that persisted for at least two weeks 

exclusively in males supports the established preclinical notion that females demonstrate 

protection against inflammatory responses after impact. These results are also consistent 

with those of Semple and colleagues who reported decreased neuroinflammation, cell 

death, and rescued behavioral phenotypes after juvenile CCI when neutrophils are 

inhibited (Semple et al., 2015). Neutrophils, which are inflammatory cells known to be 

one of the first-responders in the context of inflammation and specifically in TBI, are 

typically short-lived and resolve within hours or a few days after injury as microglia 

become activated (Loane & Byrnes, 2010). A known functional role of activated 

microglia is to target and phagocytose infiltrating neutrophils to reduce further insult 

(Neumann et al., 2008). Interestingly, our results suggest an inappropriate clearance of 

infiltrating neutrophils as they remain significantly increased after two weeks post injury 

in male mice.  

 Microglia activated by TBI in the ipsilateral cortex did not demonstrate acute sex-

specific effects. Recently, Doran and colleagues also used flow cytometry to characterize 
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potential sex differences in morphological and functional features of microglia after TBI, 

although in a model of CCI-TBI in adult mice. They reported that in both males and 

females, TBI resulted in an increase in percentage of microglia and decreased phagocytic 

activity in female microglia in the ipsilateral hemisphere at acute time points, consistent 

with our results (S. J. Doran et al., 2019). However, at our chronic time point, two-weeks 

post injury, our findings demonstrate an increased percentage of microglia that have 

downregulated CX3CR-1 in females compared to males after injury, and no sex-specific 

difference in phagocytic activity of microglia which more closely corroborates the 

transient neuroprotective effect in females where the neuroinflammation becomes 

indistinguishable from males at chronic time points after TBI reported by Villapol’s 

group (Villapol et al., 2017). Alternatively, the increase in percentage of microglia in the 

ipsilateral cortex of injured females at chronic time points could potentially be accounted 

for by inherent sex differences in microglia colonization patterns during development 

compounded by TBI. Specifically, Schwarz and colleagues demonstrated that while no 

differences in number or morphology exist in microglia during development at 

embryonic day 17 or post-natal day 4 of rat male and female pups, female rats show 

increased total numbers, particularly of non-ameboid microglia with thick processes at 

adolescent and adult ages at post-natal days 30 and 60 (Schwarz, Sholar, & Bilbo, 2012).   

 Our analysis of the neuropathology of adolescent brain injury in females 

compared to males replicated our previous finding of an increase in the total number of 

microglia in the ipsilateral hemisphere two-weeks post injury being more pronounced in 

females regardless of experimental condition. We again believe this effect can be 

attributed to inherent sex differences in the colonization of microglia in the adolescent 
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developmental period of rodents, further exacerbated by TBI (Schwarz et al., 2012). 

Alternatively, our results show a significant sex difference with the number of activated 

microglia that met our predetermined criteria being significantly increased in males. 

Together with our behavioral data, this finding implies that it is not necessarily the injury 

parameters that are responsible for inducing sex-specific effects of TBI-induced 

neuroinflammation, but rather the sex-specific biological response to injury that can 

account for differences observed. In other words, a moderate injury in females does not 

produce an immune response that more closely represents what ensues in a mild injury in 

males, but rather that biological sex can perhaps discriminate the manner by which the 

insult is resolved. The sex-difference in the increase in activated microglia in 

combination with the increase in number of non-viable could indicate that microglial-

neuronal interaction and subsequent changes in pruning or apoptosis could alter immature 

neurocircuitry more severely in males compared to females. Notably, our 

neuropathological findings did not account for estrous phase at the time of injury. 

Previous preclinical models of TBI have also reported significant neuroprotection in 

females compared to males without examining the impact of sex hormones at the time of 

injury. For example, Villapol et al. performed a comprehensive immunohistochemical 

analysis over a time course up to 30 days post CCI-TBI in adult male and randomly 

cycling female mice. They demonstrated that irrespective of estrous phase, males 

displayed more severe pathology at acute time points post injury but were comparable to 

females at chronic time points (Villapol et al., 2017). Similar to our findings, 

investigating sex differences in motor and cognitive performance following increased 

severity of CCI-TBI in mice, Tucker and colleagues reported no difference in lesion 
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volume following mild or severe injury, but sex-specific effects in a battery of behaviors 

irrespective of estrous phase (Tucker, Fu, & McCabe, 2016). While we did not measure 

lesion volume, we are the first to report sex differences in chronic, severity-dependent 

neuropathological outcomes in the context of adolescent injury where females had less 

activated microglia and less pronounced neuronal loss.   

 Following isolation and analysis of microglia in the NAc, an essential nucleus of 

reward-motivated behaviors, we again found inherent sex differences in number 

phagocytic activity of microglia at chronic time-points after brain injury, which are both 

substantially reduced in females compared to males. Additional studies are needed to 

assess the morphology and functional proxy of neurons in the NAc of females as a 

possible consequence of microglial phagocytosis of neuronal proteins as our data 

indicates after adolescent injury in males. However, as our behavioral data suggests 

neuroprotection against increased sensitivity to the rewarding effects of cocaine when 

mice had relatively high levels of female hormones at the time of injury, it would be 

expected that the presence of female hormones would attenuate the decreased spine 

density in the reward circuitry of females as well. This in fact has been observed in 

cultured neurons of other brain regions, where Lenz and colleagues reported that estradiol 

treatment resulted in increased spine density protrusions of primary cultures of preoptic 

neurons (Lenz, Nugent, Haliyur, & McCarthy, 2013). Additionally, although our studies 

did not account for the influence of sex-specific hormones in the neuroinflammatory 

response after TBI, future studies are essential to understand the mechanisms through 

which the immune system interacts with the endocrine system and CNS to shape normal 

and aberrant inflammatory responses during the developmental period of adolescence. 
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CHAPTER 5: CONCLUSIONS AND FUTURE DIRECTIONS 

Summary of Conclusions 

In summary, the findings presented throughout this dissertation demonstrate an 

increase in the rewarding efficacy of cocaine in male mice that experienced early-life 

CCI-TBI during adolescence as indicated by augmented cocaine place preference for 

subthreshold doses of cocaine compared to male mice injured during adulthood or non-

injured controls (Fig. 3 B&C). Adolescent TBI in males may selectively enhance the 

rewarding properties of cocaine as locomotor activity, spontaneous alternations, and 

neurological motor function were not significantly affected by TBI (Fig. 4 A-C). 

Importantly, these studies were designed to recapitulate the chronology of what is seen 

clinically in TBI patients. Specifically, it is established that children and adolescents 

(aged 15 – 19 years old) represent a population at high risk for experiencing a TBI, and 

that this risk peaks immediately prior to the age of people most likely to experiment with 

drugs of abuse (aged 20 – 24 years old) (Lipari et al., 2013; Taylor et al., 2017). 

Moreover, clinical surveys indicate that those with a history of early-life TBI are more 

likely to develop persistent neuropsychiatric disorders including de novo diagnosis of 

SUD (Corrigan et al., 2012; McHugo et al., 2017; Vaughn et al., 2018).  

Furthermore, results from our experiments continue to show that our model of 

TBI induces reproducible measures of neuroinflammation and affects not only the 

ipsilateral hemisphere and area of initial impact but also distal, deeper brain regions 

including mesolimbic nuclei that comprise the reward pathway and are implicated in 

SUD. For example, our findings that profile the immune response stimulated by brain 

injury suggest a step-wise increase in the infiltration of monocytes in the ipsilateral 
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hemisphere based on TBI severity that persisted up to two weeks post Mod-CCI-TBI 

(Fig. 5 B). Ly6C intermediate expressing monocytes, known to be non-classically the 

most pro-inflammatory and damaging, remained significantly increased following 

adolescent TBI compared to adult (Fig. 5 C-E) (Fischer et al., 2011; Jones et al., 2018).  

Similarly, we found that TBI activated microglia and increased phagocytic status of 

microglia in the ipsilateral hemisphere at 5 days persisted up to two weeks post 

adolescent injury (Fig. 5 F&G). With regard to nuclei essential to reward-motivated 

behaviors related to SUD, our analyses also included brain-region specific isolation of the 

PFC and NAc. We again found an increase in microglial phagocytosis of neuronal 

proteins in the NAc of only male mice exposed to adolescent injury compared to injured 

adult or non-injured age-matched mice (Fig. 6). This finding has important implications 

in the structural and morphological status of neuronal circuits within the reward pathway 

which undergoes active spine pruning during adolescence, perhaps resulting in a primed 

environment whereby already phagocytosing microglia are maladaptively exacerbated in 

response to TBI (Paolicelli et al., 2011; Penzes et al., 2011; Zhao et al., 2018). Therefore, 

we next evaluated neuronal morphology by 3-dimensional rendering for morphometric 

analyses of Golgi-cox stained neurons in the NAc at two-weeks post CCI-TBI, the same 

time point at which our cocaine CPP behavioral assays are initiated. Our data show that 

Mod-CCI-TBI in adolescent mice significantly decreases dendritic branching points, 

dendritic length, and spine density, and significantly increases spine length compared to 

injured adult or non-injured, age-matched mice (Fig. 7).  

In addition, we also investigated the status of the BBB in the reward nuclei by 

isolating microvessels from the PFC and NAc following Mod-CCI-TBI and quantifying 
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the expression of TJPs, complexes of which form the physical barrier between the blood 

and the brain. Our data reveals continuous, linear expression of the TJPs, occludin and 

tricellulin, in vessels harvested from non-injured mice characteristic of an intact BBB. 

Conversely, expression of occludin and tricellulin appears punctate, diminished, and 

discontinuous in the Mod-CCI-TBI condition, indicative of BBB permeability in reward 

substrates (Fig. 8). Further analyses of isolated reward nuclei also revealed TBI-induced 

differences in the expression of genes related to the dopamine system, which we 

interpreted as a proxy for functional changes of neurons in the NAc which could then 

contribute to increased sensitivity to the rewarding properties of dopamine-stimulating 

drugs such as cocaine (Fig. 9). Taken together, our data showing increased infiltration of 

immune cells, increased activation and phagocytosis status of microglia, changes to 

neuronal arborization, complexity, and dopamine function, and loss of BBB integrity 

collectively demonstrate that TBI during adolescence induces a breach of the regulated 

microenvironment of the neurovascular unit, specifically within reward substrates, which 

ultimately could result in increased reward-motivated behavior such as what was seen in 

augmented cocaine rewarding efficacy (Fig. 16 A-C).  

Lastly, experiments within this dissertation aimed to address the magnitude of sex 

differences in SUD vulnerability following early-life TBI. Preliminary assessment of 

cocaine CPP shifts following Mod-CCI-TBI suggested that females were not susceptible 

to increased sensitivity to the rewarding properties of cocaine after adolescent injury (Fig. 

10). However, post-hoc analysis revealed that when stratified by relatively high levels of  
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Figure 16. Graphical representation of TBI-induced disruption of the 
neurovascular unit (NVU) within reward pathway nuclei and subsequent cellular 
and behavioral consequences linked to increased risk of substance use disorders. 

(A) Under normal conditions, endothelial cells (red) lining the vasculature and expressing 
TJP (grey) remain intact, with no indications of BBB permeability, or immune cell 
infiltration (Yellow: Ly6C low/patrolling monocytes; Orange: Ly6C intermediate/pro-
inflammatory monocytes; Red: Ly6C high/classical monocytes). Astrocytes (green) and 
microglia (blue) remain quiescently surveilling the environment, with some microglia 
involved in adolescent synaptic pruning of neuronal proteins (engulfed purple circles). 
Magnification shows the synapse of interneurons/medium spiny neurons residing in the 
NAc. DA (pink) release mediates reward-motivated behaviors that underlie substance use 
disorders. (B) Following early-life TBI, neuropathology includes endothelial activation, 
disruption of TJP, BBB hyper-permeability, and infiltration of immune cells with persistent 
Ly6C pro-inflammatory monocytes reported in adolescent brain injury. Activated 
microglia phagocytose neuronal proteins resulting in adverse changes to medium spiny 
neuron morphology and spine density. Magnification shows adolescent TBI-induced 
hypodopaminergic state and changes to spine length. Long, thin spines are unstable and 
associated with dynamic changes and increased excitability. (C) Proposed behavioral 
consequences seen in preclinical research models of early-life TBI and cocaine CPP. 
Adolescent animals show increased sensitivity to subthreshold doses of cocaine (green) 
compared to adults (blue). TBI during adulthood (blue, striped) augments the magnitude 
of CPP shift to high cocaine doses, which is further exacerbated in adolescent TBI (green, 
striped). 

 

 

female hormones (collapsed estrus and proestrus phases on day of injury) offered 

neuroprotection against increased behavioral responses to the rewarding properties of 

cocaine. More so, in female mice with relatively low levels of female hormones (collapse 

metestrus and diestrus phases on day of injury) we observed significantly higher CPP 

shifts for 2.5 and 10 mg/kg cocaine, reflecting the behavioral response seen in males (Fig. 

12). We next wanted to determine if the sex-specific effects seen behaviorally could be 

mediated by the inflammatory response induced by TBI. Our results show that only males 

display robust and persistent neutrophil infiltration at acute and chronic time points post 

Mod-CCI-TBI (Fig. 13 A&B). With respect to microglia activated by TBI, we report no 
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sex differences acutely (Fig. 13 C). While females demonstrated a more pronounced 

increase in the percentage of microglia two-weeks after injury, we found an acute 

decrease in phagocytic activity of female microglia compared to males, the distinction of 

which is resolved by two weeks (Fig. 13 D&E). In reward substrates, our results show 

that males and females have inherent sex differences in the number and phagocytic 

activity of microglia in the isolated NAc (Fig. 14). Finally, our behavioral findings raised 

the question of whether the same parameters of CCI-TBI produced comparable pathology 

in males versus females. Therefore, histological analysis comparing Mod-CCI-TBI and 

Severe-CCI-TBI replicated the inherent sex difference in total number of microglia being 

higher in females, but activated microglia lower in females, did demonstrate that 

adolescent females may experience neuroprotection against neuronal loss after injury.    

Ultimately, results of this dissertation highlight preclinical research and animal 

models of TBI and SUD are a resource that is unmatched. Unfortunately, aspects of the 

experiments described herein are limited by their descriptive nature and claiming 

definitive, causal conclusions requires additional research. Specifically, future studies 

investigating sex differences in TBI-related SUD would benefit from ovariectomizing 

mice and controlling the number of animals with predetermined levels of female 

hormones present at the time of TBI. Furthermore, a limitation of CPP studies includes 

the aspect of contingency considering mice experience the physiological effects of drugs 

of abuse that are administered by experimenters, which may introduce stress as an 

uncontrolled contribution to behavioral outcomes. Studies that utilize intravenous 

catheterization and drug self-administration would increase the translatability of these 

findings. Preclinical models facilitate biomedical researchers to address outstanding 
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questions related to underlying mechanisms that mediate the increased risk of SUD seen 

in TBI patients and eliminate the need for expensive, longitudinal clinical studies that are 

compromised by the risk of participant attrition.  

Future Directions 

 Future studies that aim to elucidate underlying mechanisms in TBI-related SUD 

could also consider the role of orexin. Orexin is a CNS peptide that regulates arousal and 

is known to play a role in reward-motivated behaviors. Dysregulation of orexin systems 

has also been implicated in psychiatric disorders after TBI (Gentile et al., 2018; Harris, 

Wimmer, & Aston-Jones, 2005; Martin-Fardon, Cauvi, Kerr, & Weiss, 2018). For 

example, Baumann et al. found deficits in orexin levels measured by cerebral spinal fluid 

in patients with a history of TBI which was correlated with sleep-wake disturbances 

(Baumann et al., 2005; Baumann, Werth, Stocker, Ludwig, & Bassetti, 2007). Expanding 

upon these findings, Baumann et al. also evaluated post-mortem tissue from patients who 

did not survive severe brain injuries and found a 27% decrease in orexin neurons after 

TBI compared to control tissue (Baumann et al., 2009).  

 Alterations in sleep-wake behaviors, cognitive deficits, and reduced orexin 

neurons have also been reported in preclinical studies by Skopin et al. one month 

following the FPI model of TBI in rats (Skopin, Kabadi, Viechweg, Mong, & Faden, 

2015). Thomasy et al. also found decreased wakefulness and fewer orexin-producing 

neurons that persisted for at least 15 days post TBI, and posited a role for chronic 

inflammation in orexin deficits after CCI in mice (Thomasy, Febinger, Ringgold, 

Gemma, & Opp, 2017). The orexin system has also been considered for therapeutic 

efficacy in animal models of TBI. Following juvenile exposure to FPI, Lim et al. 
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demonstrated that dietary supplement of branch-chained amino acids (BCAA) that 

directly modulate orexin neuron activity reinstated orexin neuron activation and 

improved deficits in wakefulness mice with mild TBI (M. M. Lim et al., 2013). Elliott et 

al. expanded upon these findings, revealing that in mice with juvenile FPI, BCAA dietary 

modulation attenuated sleep-wake disturbances and restored orexin neuronal activity 

through synthesis of gamma aminobutyric acid (GABA) (Elliott et al., 2018). Thus, given 

the anatomical relationship and projection of hypothalamic orexin neurons to DA neurons 

in the VTA, the orexin system may be a promising targetable system to treat chronic 

psychiatric issues in TBI patients including risk for SUD (Fadel & Deutch, 2002).  

Substance abuse is a multifaceted brain disorder that has significant consequences 

on behavioral characteristics. A report conducted annually by Columbia University stated 

that "40 million Americans age 12 and over meet the clinical criteria for addiction 

involving nicotine, alcohol or other drugs”. Worse yet is that “another 80 million 

Americans fall into the category of risky substance users” (Columbia, 2012). As with any 

other health condition, it is important to understand the risk factors that contribute to the 

development of the addictive behavior. In this work, we have focused on one possible 

emerging risk factor that links a pre-adulthood history of TBI with increased vulnerability 

to substance use disorders. Thus, future investigations are needed to further explore the 

link between early-life TBI and SUD vulnerability. Findings from such studies will serve 

to increase awareness and education of TBI patients to the possibility of an increased risk 

for the development of SUD. Importantly, by understanding how TBI negatively affects 

the development of the reward pathway, we can develop innovate therapeutic strategies 

that help to restore normal function.    
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What then could be some broad areas of exploration that could provide crucial 

insight into how early-life TBI-induced neuropathology affects SUD vulnerability? First, 

we call attention to the need for studies to define whether addiction susceptibility after 

TBI also alters natural reward responses. For instance, would early-life TBI modify the 

responses to natural rewards such as those associated with eating, drinking, procreating, 

and nurturing? Secondly, in terms of addiction to illicit drugs, it is possible that the 

enhanced addiction phenotype seen (post-TBI) for the psychostimulant cocaine, differs 

from other stimulants like methamphetamine, synthetic designer drugs etc. Moreover, it 

is not known whether TBI may also affect other categories of drugs of abuse such as: 

hallucinogens, benzodiazepines, barbiturates, nicotine, and opiates. Third, addiction has 

phases that include: reinforcement, drive, incentive, tolerance, dependence, and relapse. 

Therefore, future studies could reveal how the stages of addiction are affected as a 

function of brain injury. Fourth, it is essential to recognize that TBI severity (i.e. mild, 

repeated TBI, moderate, and severe) must be considered in all the above, since severity 

affects acute and chronic pathologic responses that undoubtedly will have different 

behavioral manifestations. Fifth, a closer look into the changes in molecular and cellular 

pathways will aid in testing the notion that specific neuroinflammatory responses disrupt 

the neurocircuitry within the reward pathway which leads to aberrant neurotransmission 

such as that associated with the dopaminergic system.  

Overall, it is the hope that scientific research into TBI and its link to SUD will: 1) 

help health care providers inform TBI patients about the risk for SUDs and 2) promote 

discoveries that can offer neuroprotection to this essential neural circuit, the reward 

pathway.  



 118 

REFERENCES CITED 

Anderson, V. A., Catroppa, C., Dudgeon, P., Morse, S. A., Haritou, F., & Rosenfeld, J. 
V. (2006). Understanding predictors of functional recovery and outcome 30 
months following early childhood head injury. Neuropsychology, 20(1), 42-57. 
Retrieved from https://www.ncbi.nlm.nih.gov/pubmed/16460221. 
doi:10.1037/0894-4105.20.1.42 

Anker, J. J., Gliddon, L. A., & Carroll, M. E. (2008). Impulsivity on a Go/No-go task for 
intravenous cocaine or food in male and female rats selectively bred for high and 
low saccharin intake. Behav Pharmacol, 19(5-6), 615-629. Retrieved from 
https://www.ncbi.nlm.nih.gov/pubmed/18690116. 
doi:10.1097/FBP.0b013e32830dc0ae 

Ashok, A. H., Mizuno, Y., Volkow, N. D., & Howes, O. D. (2017). Association of 
Stimulant Use With Dopaminergic Alterations in Users of Cocaine, 
Amphetamine, or Methamphetamine: A Systematic Review and Meta-analysis. 
JAMA Psychiatry, 74(5), 511-519. Retrieved from 
https://www.ncbi.nlm.nih.gov/pubmed/28297025. 
doi:10.1001/jamapsychiatry.2017.0135 

Badanich, K. A., Adler, K. J., & Kirstein, C. L. (2006). Adolescents differ from adults in 
cocaine conditioned place preference and cocaine-induced dopamine in the 
nucleus accumbens septi. Eur J Pharmacol, 550(1-3), 95-106. Retrieved from 
https://www.ncbi.nlm.nih.gov/pubmed/17011546. 
doi:10.1016/j.ejphar.2006.08.034 

Badaut, J., Ajao, D. O., Sorensen, D. W., Fukuda, A. M., & Pellerin, L. (2015). Caveolin 
expression changes in the neurovascular unit after juvenile traumatic brain injury: 
signs of blood-brain barrier healing? Neuroscience, 285, 215-226. Retrieved from 
https://www.ncbi.nlm.nih.gov/pubmed/25450954. 
doi:10.1016/j.neuroscience.2014.10.035 

Baumann, C. R., Bassetti, C. L., Valko, P. O., Haybaeck, J., Keller, M., Clark, E., . . . 
Scammell, T. E. (2009). Loss of hypocretin (orexin) neurons with traumatic brain 
injury. Ann Neurol, 66(4), 555-559. Retrieved from 
https://www.ncbi.nlm.nih.gov/pubmed/19847903. doi:10.1002/ana.21836 

Baumann, C. R., Stocker, R., Imhof, H. G., Trentz, O., Hersberger, M., Mignot, E., & 
Bassetti, C. L. (2005). Hypocretin-1 (orexin A) deficiency in acute traumatic 
brain injury. Neurology, 65(1), 147-149. Retrieved from 
https://www.ncbi.nlm.nih.gov/pubmed/16009905. 
doi:10.1212/01.wnl.0000167605.02541.f2 

Baumann, C. R., Werth, E., Stocker, R., Ludwig, S., & Bassetti, C. L. (2007). Sleep-wake 
disturbances 6 months after traumatic brain injury: a prospective study. Brain, 



 119 

130(Pt 7), 1873-1883. Retrieved from 
https://www.ncbi.nlm.nih.gov/pubmed/17584779. doi:10.1093/brain/awm109 

Beauchamp, M. H., Ditchfield, M., Maller, J. J., Catroppa, C., Godfrey, C., Rosenfeld, J. 
V., . . . Anderson, V. A. (2011). Hippocampus, amygdala and global brain 
changes 10 years after childhood traumatic brain injury. Int J Dev Neurosci, 
29(2), 137-143. Retrieved from https://www.ncbi.nlm.nih.gov/pubmed/21147212. 
doi:10.1016/j.ijdevneu.2010.12.003 

Beschorner, R., Nguyen, T. D., Gozalan, F., Pedal, I., Mattern, R., Schluesener, H. J., . . . 
Schwab, J. M. (2002). CD14 expression by activated parenchymal 
microglia/macrophages and infiltrating monocytes following human traumatic 
brain injury. Acta Neuropathol, 103(6), 541-549. Retrieved from 
https://www.ncbi.nlm.nih.gov/pubmed/12012085. doi:10.1007/s00401-001-0503-
7 

Broshek, D. K., Kaushik, T., Freeman, J. R., Erlanger, D., Webbe, F., & Barth, J. T. 
(2005). Sex differences in outcome following sports-related concussion. J 
Neurosurg, 102(5), 856-863. Retrieved from 
https://www.ncbi.nlm.nih.gov/pubmed/15926710. 
doi:10.3171/jns.2005.102.5.0856 

Brown, G. C., & Neher, J. J. (2014). Microglial phagocytosis of live neurons. Nat Rev 
Neurosci, 15(4), 209-216. Retrieved from 
https://www.ncbi.nlm.nih.gov/pubmed/24646669. doi:10.1038/nrn3710 

Byers, S. L., Wiles, M. V., Dunn, S. L., & Taft, R. A. (2012). Mouse estrous cycle 
identification tool and images. PLoS One, 7(4), e35538. Retrieved from 
https://www.ncbi.nlm.nih.gov/pubmed/22514749. 
doi:10.1371/journal.pone.0035538 

Cannella, L. A., Andrews, A. M., Tran, F. H., Razmpour, R., McGary, H. M., Collie, C., . 
. . Ramirez, S. H. (2019). Experimental Traumatic Brain Injury during 
Adolescence Enhances Cocaine Rewarding Efficacy and Dysregulates Dopamine 
and Neuroimmune Systems in Brain Reward Substrates. J Neurotrauma, In press.  

Caplan, H. W., Cox, C. S., & Bedi, S. S. (2017). Do microglia play a role in sex 
differences in TBI? J Neurosci Res, 95(1-2), 509-517. Retrieved from 
https://www.ncbi.nlm.nih.gov/pubmed/27870453. doi:10.1002/jnr.23854 

Chen, K., & Kandel, D. (2002). Relationship between extent of cocaine use and 
dependence among adolescents and adults in the United States. Drug Alcohol 
Depend, 68(1), 65-85. Retrieved from 
https://www.ncbi.nlm.nih.gov/pubmed/12167553.  



 120 

Chen, Y. H., Huang, E. Y., Kuo, T. T., Hoffer, B. J., Miller, J., Chou, Y. C., & Chiang, 
Y. H. (2017). Dopamine release in the nucleus accumbens is altered following 
traumatic brain injury. Neuroscience, 348, 180-190. Retrieved from 
https://www.ncbi.nlm.nih.gov/pubmed/28196657. 
doi:10.1016/j.neuroscience.2017.02.001 

Chen, Y. H., Kuo, T. T., Yi-Kung Huang, E., Chou, Y. C., Chiang, Y. H., Hoffer, B. J., & 
Miller, J. (2018). Effect of traumatic brain injury on nicotine-induced modulation 
of dopamine release in the striatum and nucleus accumbens shell. Oncotarget, 
9(11), 10016-10028. Retrieved from 
https://www.ncbi.nlm.nih.gov/pubmed/29515787. doi:10.18632/oncotarget.24245 

Columbia. (2012). The National Center on Addiction and Substance Abuse (CASA). 
Addiction: A Preventable and Treatable Disease. Annual Report. Retrieved from 
New York, NY:  

Cora, M. C., Kooistra, L., & Travlos, G. (2015). Vaginal Cytology of the Laboratory Rat 
and Mouse: Review and Criteria for the Staging of the Estrous Cycle Using 
Stained Vaginal Smears. Toxicol Pathol, 43(6), 776-793. Retrieved from 
https://www.ncbi.nlm.nih.gov/pubmed/25739587. 
doi:10.1177/0192623315570339 

Coronado, V. G., Haileyesus, T., Cheng, T. A., Bell, J. M., Haarbauer-Krupa, J., 
Lionbarger, M. R., . . . Gilchrist, J. (2015). Trends in Sports- and Recreation-
Related Traumatic Brain Injuries Treated in US Emergency Departments: The 
National Electronic Injury Surveillance System-All Injury Program (NEISS-AIP) 
2001-2012. J Head Trauma Rehabil, 30(3), 185-197. Retrieved from 
https://www.ncbi.nlm.nih.gov/pubmed/25955705. 
doi:10.1097/HTR.0000000000000156 

Corrigan, J. D. (1995). Substance abuse as a mediating factor in outcome from traumatic 
brain injury. Arch Phys Med Rehabil, 76(4), 302-309. Retrieved from 
http://www.ncbi.nlm.nih.gov/pubmed/7717829.  

Corrigan, J. D., Bogner, J., & Holloman, C. (2012). Lifetime history of traumatic brain 
injury among persons with substance use disorders. Brain Inj, 26(2), 139-150. 
Retrieved from https://www.ncbi.nlm.nih.gov/pubmed/22360520. 
doi:10.3109/02699052.2011.648705 

Corrigan, J. D., Bogner, J., Mellick, D., Bushnik, T., Dams-O'Connor, K., Hammond, F. 
M., . . . Kolakowsky-Hayner, S. (2013). Prior history of traumatic brain injury 
among persons in the Traumatic Brain Injury Model Systems National Database. 
Arch Phys Med Rehabil, 94(10), 1940-1950. Retrieved from 
http://www.ncbi.nlm.nih.gov/pubmed/23770276. doi:10.1016/j.apmr.2013.05.018 



 121 

Corrigan, J. D., & Deutschle, J. J., Jr. (2008). The presence and impact of traumatic brain 
injury among clients in treatment for co-occurring mental illness and substance 
abuse. Brain Inj, 22(3), 223-231. Retrieved from 
https://www.ncbi.nlm.nih.gov/pubmed/18297594. 
doi:10.1080/02699050801938967 

Corso, P., Finkelstein, E., Miller, T., Fiebelkorn, I., & Zaloshnja, E. (2006). Incidence 
and lifetime costs of injuries in the United States. Inj Prev, 12(4), 212-218. 
Retrieved from https://www.ncbi.nlm.nih.gov/pubmed/16887941. 
doi:10.1136/ip.2005.010983 

Covassin, T., Swanik, C. B., & Sachs, M. L. (2003). Sex Differences and the Incidence of 
Concussions Among Collegiate Athletes. J Athl Train, 38(3), 238-244. Retrieved 
from https://www.ncbi.nlm.nih.gov/pubmed/14608434.  

Czoty, P. W., Gage, H. D., Nader, S. H., Reboussin, B. A., Bounds, M., & Nader, M. A. 
(2007). PET imaging of dopamine D2 receptor and transporter availability during 
acquisition of cocaine self-administration in rhesus monkeys. J Addict Med, 1(1), 
33-39. Retrieved from https://www.ncbi.nlm.nih.gov/pubmed/21768930. 
doi:10.1097/ADM.0b013e318045c038 

Di Chiara, G., & Imperato, A. (1988). Drugs abused by humans preferentially increase 
synaptic dopamine concentrations in the mesolimbic system of freely moving rats. 
Proc Natl Acad Sci U S A, 85(14), 5274-5278. Retrieved from 
http://www.ncbi.nlm.nih.gov/pubmed/2899326.  

Dick, R. W. (2009). Is there a gender difference in concussion incidence and outcomes? 
Br J Sports Med, 43 Suppl 1, i46-50. Retrieved from 
https://www.ncbi.nlm.nih.gov/pubmed/19433425. doi:10.1136/bjsm.2009.058172 

Dissing-Olesen, L., LeDue, J. M., Rungta, R. L., Hefendehl, J. K., Choi, H. B., & 
MacVicar, B. A. (2014). Activation of neuronal NMDA receptors triggers 
transient ATP-mediated microglial process outgrowth. J Neurosci, 34(32), 10511-
10527. Retrieved from https://www.ncbi.nlm.nih.gov/pubmed/25100586. 
doi:10.1523/JNEUROSCI.0405-14.2014 

Doncheck, E. M., Urbanik, L. A., DeBaker, M. C., Barron, L. M., Liddiard, G. T., 
Tuscher, J. J., . . . Mantsch, J. R. (2018). 17beta-Estradiol Potentiates the 
Reinstatement of Cocaine Seeking in Female Rats: Role of the Prelimbic 
Prefrontal Cortex and Cannabinoid Type-1 Receptors. 
Neuropsychopharmacology, 43(4), 781-790. Retrieved from 
https://www.ncbi.nlm.nih.gov/pubmed/28825421. doi:10.1038/npp.2017.170 

Donnemiller, E., Brenneis, C., Wissel, J., Scherfler, C., Poewe, W., Riccabona, G., & 
Wenning, G. K. (2000). Impaired dopaminergic neurotransmission in patients 
with traumatic brain injury: a SPECT study using 123I-beta-CIT and 123I-IBZM. 



 122 

Eur J Nucl Med, 27(9), 1410-1414. Retrieved from 
http://www.ncbi.nlm.nih.gov/pubmed/11007526.  

Doran, S., Ritzel, R., Glaser, E., Henry, R., Faden, A., & Loane, D. J. (2018). Sex 
differences in acute neuroinflammation after experimental traumatic brain injury 
are mediated by infiltrating myeloid cells. J Neurotrauma. Retrieved from 
https://www.ncbi.nlm.nih.gov/pubmed/30259790. doi:10.1089/neu.2018.6019 

Doran, S. J., Ritzel, R. M., Glaser, E. P., Henry, R. J., Faden, A. I., & Loane, D. J. 
(2019). Sex Differences in Acute Neuroinflammation after Experimental 
Traumatic Brain Injury Are Mediated by Infiltrating Myeloid Cells. J 
Neurotrauma, 36(7), 1040-1053. Retrieved from 
https://www.ncbi.nlm.nih.gov/pubmed/30259790. doi:10.1089/neu.2018.6019 

Elliott, J. E., De Luche, S. E., Churchill, M. J., Moore, C., Cohen, A. S., Meshul, C. K., 
& Lim, M. M. (2018). Dietary therapy restores glutamatergic input to 
orexin/hypocretin neurons after traumatic brain injury in mice. Sleep, 41(3). 
Retrieved from https://www.ncbi.nlm.nih.gov/pubmed/29315422. 
doi:10.1093/sleep/zsx212 

Fadel, J., & Deutch, A. Y. (2002). Anatomical substrates of orexin-dopamine 
interactions: lateral hypothalamic projections to the ventral tegmental area. 
Neuroscience, 111(2), 379-387. Retrieved from 
https://www.ncbi.nlm.nih.gov/pubmed/11983323.  

Faul, M., Xu, L, Wald, MM, Coronado, VG. (2010). Traumatic Brain Injury in the 
United States: Emergency Department Visits, Hospitalizations and Deaths 2002–
2006. Atlanta, GA: National Center for Injury Prevention and Control, Centers 
Disease Control 

Felde, A. B., Westermeyer, J., & Thuras, P. (2006). Co-morbid traumatic brain injury and 
substance use disorder: childhood predictors and adult correlates. Brain Inj, 20(1), 
41-49. Retrieved from https://www.ncbi.nlm.nih.gov/pubmed/16403699. 
doi:10.1080/02699050500309718 

Fischer, M. A., Davies, M. L., Reider, I. E., Heipertz, E. L., Epler, M. R., Sei, J. J., . . . 
Norbury, C. C. (2011). CD11b(+), Ly6G(+) cells produce type I interferon and 
exhibit tissue protective properties following peripheral virus infection. PLoS 
Pathog, 7(11), e1002374. Retrieved from 
https://www.ncbi.nlm.nih.gov/pubmed/22102816. 
doi:10.1371/journal.ppat.1002374 

Fishbein, D., Dariotis, J. K., Ferguson, P. L., & Pickelsimer, E. E. (2016). Relationships 
Between Traumatic Brain Injury and Illicit Drug Use and Their Association With 
Aggression in Inmates. Int J Offender Ther Comp Criminol, 60(5), 575-597. 



 123 

Retrieved from https://www.ncbi.nlm.nih.gov/pubmed/25326469. 
doi:10.1177/0306624X14554778 

Forsyth, J. K., & Lewis, D. A. (2017). Mapping the Consequences of Impaired Synaptic 
Plasticity in Schizophrenia through Development: An Integrative Model for 
Diverse Clinical Features. Trends Cogn Sci, 21(10), 760-778. Retrieved from 
https://www.ncbi.nlm.nih.gov/pubmed/28754595. doi:10.1016/j.tics.2017.06.006 

Frieden, T. R., Houry, D., & Baldwin, G. (2015). Report to Congress on Traumatic Brain 
Injury in the United States: Epidemiology and Rehabilitation. In Centers for 
Disease Control and Prevention. Atlanta, GA.: National Center for Injury 
Prevention and Control; Division of Unintentional Injury Prevention. 

Fukuda, A. M., Pop, V., Spagnoli, D., Ashwal, S., Obenaus, A., & Badaut, J. (2012). 
Delayed increase of astrocytic aquaporin 4 after juvenile traumatic brain injury: 
possible role in edema resolution? Neuroscience, 222, 366-378. Retrieved from 
https://www.ncbi.nlm.nih.gov/pubmed/22728101. 
doi:10.1016/j.neuroscience.2012.06.033 

Garcia-Estrada, J., Del Rio, J. A., Luquin, S., Soriano, E., & Garcia-Segura, L. M. 
(1993). Gonadal hormones down-regulate reactive gliosis and astrocyte 
proliferation after a penetrating brain injury. Brain Res, 628(1-2), 271-278. 
Retrieved from https://www.ncbi.nlm.nih.gov/pubmed/8313156.  

Gentile, T. A., Simmons, S. J., Barker, D. J., Shaw, J. K., Espana, R. A., & Muschamp, J. 
W. (2018). Suvorexant, an orexin/hypocretin receptor antagonist, attenuates 
motivational and hedonic properties of cocaine. Addict Biol, 23(1), 247-255. 
Retrieved from https://www.ncbi.nlm.nih.gov/pubmed/28419646. 
doi:10.1111/adb.12507 

Gessel, L. M., Fields, S. K., Collins, C. L., Dick, R. W., & Comstock, R. D. (2007). 
Concussions among United States high school and collegiate athletes. J Athl 
Train, 42(4), 495-503. Retrieved from 
https://www.ncbi.nlm.nih.gov/pubmed/18174937.  

Gill, J., Latour, L., Diaz-Arrastia, R., Motamedi, V., Turtzo, C., Shahim, P., . . . Jeromin, 
A. (2018). Glial fibrillary acidic protein elevations relate to neuroimaging 
abnormalities after mild TBI. Neurology, 91(15), e1385-e1389. Retrieved from 
https://www.ncbi.nlm.nih.gov/pubmed/30209234. 
doi:10.1212/WNL.0000000000006321 

Gogtay, N., Giedd, J. N., Lusk, L., Hayashi, K. M., Greenstein, D., Vaituzis, A. C., . . . 
Thompson, P. M. (2004). Dynamic mapping of human cortical development 
during childhood through early adulthood. Proc Natl Acad Sci U S A, 101(21), 
8174-8179. Retrieved from https://www.ncbi.nlm.nih.gov/pubmed/15148381. 
doi:10.1073/pnas.0402680101 



 124 

Goldman, J. M., Murr, A. S., & Cooper, R. L. (2007). The rodent estrous cycle: 
characterization of vaginal cytology and its utility in toxicological studies. Birth 
Defects Res B Dev Reprod Toxicol, 80(2), 84-97. Retrieved from 
https://www.ncbi.nlm.nih.gov/pubmed/17342777. doi:10.1002/bdrb.20106 

Goldstein, F. C., Caveney, A. F., Hertzberg, V. S., Silbergleit, R., Yeatts, S. D., Palesch, 
Y. Y., . . . Wright, D. W. (2017). Very Early Administration of Progesterone Does 
Not Improve Neuropsychological Outcomes in Subjects with Moderate to Severe 
Traumatic Brain Injury. J Neurotrauma, 34(1), 115-120. Retrieved from 
https://www.ncbi.nlm.nih.gov/pubmed/26973025. doi:10.1089/neu.2015.4313 

Goldstein, L. B. (1993). Basic and clinical studies of pharmacologic effects on recovery 
from brain injury. J Neural Transplant Plast, 4(3), 175-192. Retrieved from 
https://www.ncbi.nlm.nih.gov/pubmed/8018750. doi:10.1155/NP.1993.175 

Groman, S. M., James, A. S., & Jentsch, J. D. (2009). Poor response inhibition: at the 
nexus between substance abuse and attention deficit/hyperactivity disorder. 
Neurosci Biobehav Rev, 33(5), 690-698. Retrieved from 
https://www.ncbi.nlm.nih.gov/pubmed/18789354. 
doi:10.1016/j.neubiorev.2008.08.008 

Grydeland, H., Vertes, P. E., Vasa, F., Romero-Garcia, R., Whitaker, K., Alexander-
Bloch, A. F., . . . Bullmore, E. T. (2019). Waves of Maturation and Senescence in 
Micro-structural MRI Markers of Human Cortical Myelination over the Lifespan. 
Cereb Cortex, 29(3), 1369-1381. Retrieved from 
https://www.ncbi.nlm.nih.gov/pubmed/30590439. doi:10.1093/cercor/bhy330 

Haarbauer-Krupa, J., Ciccia, A., Dodd, J., Ettel, D., Kurowski, B., Lumba-Brown, A., & 
Suskauer, S. (2017). Service Delivery in the Healthcare and Educational Systems 
for Children Following Traumatic Brain Injury: Gaps in Care. J Head Trauma 
Rehabil, 32(6), 367-377. Retrieved from 
https://www.ncbi.nlm.nih.gov/pubmed/28060211. 
doi:10.1097/HTR.0000000000000287 

Hall, D. H., & Queener, J. E. (2007). Self-medication hypothesis of substance use: testing 
Khantzian's updated theory. J Psychoactive Drugs, 39(2), 151-158. Retrieved 
from https://www.ncbi.nlm.nih.gov/pubmed/17703709. 
doi:10.1080/02791072.2007.10399873 

Hammelrath, L., Skokic, S., Khmelinskii, A., Hess, A., van der Knaap, N., Staring, M., . . 
. Hoehn, M. (2016). Morphological maturation of the mouse brain: An in vivo 
MRI and histology investigation. Neuroimage, 125, 144-152. Retrieved from 
https://www.ncbi.nlm.nih.gov/pubmed/26458518. 
doi:10.1016/j.neuroimage.2015.10.009 



 125 

Harris, G. C., Wimmer, M., & Aston-Jones, G. (2005). A role for lateral hypothalamic 
orexin neurons in reward seeking. Nature, 437(7058), 556-559. Retrieved from 
https://www.ncbi.nlm.nih.gov/pubmed/16100511. doi:10.1038/nature04071 

Hartley, C. A., & Somerville, L. H. (2015). The neuroscience of adolescent decision-
making. Curr Opin Behav Sci, 5, 108-115. Retrieved from 
https://www.ncbi.nlm.nih.gov/pubmed/26665151. 
doi:10.1016/j.cobeha.2015.09.004 

Hehar, H., Yeates, K., Kolb, B., Esser, M. J., & Mychasiuk, R. (2015). Impulsivity and 
Concussion in Juvenile Rats: Examining Molecular and Structural Aspects of the 
Frontostriatal Pathway. PLoS One, 10(10), e0139842. Retrieved from 
http://www.ncbi.nlm.nih.gov/pubmed/26448536. 
doi:10.1371/journal.pone.0139842 

Hicks, C., Gregg, R. A., Nayak, S. U., Cannella, L. A., Schena, G. J., Tallarida, C. S., . . . 
Rawls, S. M. (2017). Glutamate carboxypeptidase II (GCPII) inhibitor 2-PMPA 
reduces rewarding effects of the synthetic cathinone MDPV in rats: a role for N-
acetylaspartylglutamate (NAAG). Psychopharmacology (Berl), 234(11), 1671-
1681. Retrieved from https://www.ncbi.nlm.nih.gov/pubmed/28251297. 
doi:10.1007/s00213-017-4568-y 

Howell, D. R., Zemek, R., Brilliant, A. N., Mannix, R. C., Master, C. L., & Meehan, W. 
P., 3rd. (2018). Identifying Persistent Postconcussion Symptom Risk in a 
Pediatric Sports Medicine Clinic. Am J Sports Med, 363546518796830. Retrieved 
from https://www.ncbi.nlm.nih.gov/pubmed/30265817. 
doi:10.1177/0363546518796830 

Huger, F., & Patrick, G. (1979). Effect of concussive head injury on central 
catecholamine levels and synthesis rates in rat brain regions. J Neurochem, 33(1), 
89-95. Retrieved from https://www.ncbi.nlm.nih.gov/pubmed/458474.  

Ichkova, A., Rodriguez-Grande, B., Bar, C., Villega, F., Konsman, J. P., & Badaut, J. 
(2017). Vascular impairment as a pathological mechanism underlying long-lasting 
cognitive dysfunction after pediatric traumatic brain injury. Neurochem Int, 111, 
93-102. Retrieved from https://www.ncbi.nlm.nih.gov/pubmed/28377126. 
doi:10.1016/j.neuint.2017.03.022 

Ilie, G., Mann, R. E., Boak, A., Adlaf, E. M., Hamilton, H., Asbridge, M., . . . Cusimano, 
M. D. (2016). Cross-sectional examination of the association of co-occurring 
alcohol misuse and traumatic brain injury on mental health and conduct problems 
in adolescents in Ontario, Canada. BMJ Open, 6(11), e011824. Retrieved from 
https://www.ncbi.nlm.nih.gov/pubmed/28186929. doi:10.1136/bmjopen-2016-
011824 



 126 

Iverson, G. L., Gardner, A. J., Terry, D. P., Ponsford, J. L., Sills, A. K., Broshek, D. K., 
& Solomon, G. S. (2017). Predictors of clinical recovery from concussion: a 
systematic review. Br J Sports Med, 51(12), 941-948. Retrieved from 
https://www.ncbi.nlm.nih.gov/pubmed/28566342. doi:10.1136/bjsports-2017-
097729 

Johnson, V. E., Stewart, J. E., Begbie, F. D., Trojanowski, J. Q., Smith, D. H., & Stewart, 
W. (2013). Inflammation and white matter degeneration persist for years after a 
single traumatic brain injury. Brain, 136(Pt 1), 28-42. Retrieved from 
http://www.ncbi.nlm.nih.gov/pubmed/23365092. doi:10.1093/brain/aws322 

Jones, K. A., Maltby, S., Plank, M. W., Kluge, M., Nilsson, M., Foster, P. S., & Walker, 
F. R. (2018). Peripheral immune cells infiltrate into sites of secondary 
neurodegeneration after ischemic stroke. Brain Behav Immun, 67, 299-307. 
Retrieved from https://www.ncbi.nlm.nih.gov/pubmed/28911981. 
doi:10.1016/j.bbi.2017.09.006 

Kalivas, P. W., & Volkow, N. D. (2005). The neural basis of addiction: a pathology of 
motivation and choice. Am J Psychiatry, 162(8), 1403-1413. Retrieved from 
https://www.ncbi.nlm.nih.gov/pubmed/16055761. 
doi:10.1176/appi.ajp.162.8.1403 

Karelina, K., Gaier, K. R., & Weil, Z. M. (2017). Traumatic brain injuries during 
development disrupt dopaminergic signaling. Exp Neurol, 297, 110-117. 
Retrieved from https://www.ncbi.nlm.nih.gov/pubmed/28802560. 
doi:10.1016/j.expneurol.2017.08.003 

Karelina, K., Nicholson, S., & Weil, Z. M. (2018). Minocycline blocks traumatic brain 
injury-induced alcohol consumption and nucleus accumbens inflammation in 
adolescent male mice. Brain Behav Immun, 69, 532-539. Retrieved from 
https://www.ncbi.nlm.nih.gov/pubmed/29395778. doi:10.1016/j.bbi.2018.01.012 

Kennedy, E., Heron, J., & Munafo, M. (2017). Substance use, criminal behaviour and 
psychiatric symptoms following childhood traumatic brain injury: findings from 
the ALSPAC cohort. Eur Child Adolesc Psychiatry, 26(10), 1197-1206. Retrieved 
from https://www.ncbi.nlm.nih.gov/pubmed/28314984. doi:10.1007/s00787-017-
0975-1 

Kim, H. J., Cho, M. H., Shim, W. H., Kim, J. K., Jeon, E. Y., Kim, D. H., & Yoon, S. Y. 
(2017). Deficient autophagy in microglia impairs synaptic pruning and causes 
social behavioral defects. Mol Psychiatry, 22(11), 1576-1584. Retrieved from 
https://www.ncbi.nlm.nih.gov/pubmed/27400854. doi:10.1038/mp.2016.103 

Kippin, T. E., Fuchs, R. A., Mehta, R. H., Case, J. M., Parker, M. P., Bimonte-Nelson, H. 
A., & See, R. E. (2005). Potentiation of cocaine-primed reinstatement of drug 
seeking in female rats during estrus. Psychopharmacology (Berl), 182(2), 245-



 127 

252. Retrieved from https://www.ncbi.nlm.nih.gov/pubmed/16001116. 
doi:10.1007/s00213-005-0071-y 

Kogachi, S., Chang, L., Alicata, D., Cunningham, E., & Ernst, T. (2017). Sex differences 
in impulsivity and brain morphometry in methamphetamine users. Brain Struct 
Funct, 222(1), 215-227. Retrieved from 
https://www.ncbi.nlm.nih.gov/pubmed/27095357. doi:10.1007/s00429-016-1212-
2 

Koob, G. F. (2013). Negative reinforcement in drug addiction: the darkness within. Curr 
Opin Neurobiol, 23(4), 559-563. Retrieved from 
http://www.ncbi.nlm.nih.gov/pubmed/23628232. doi:10.1016/j.conb.2013.03.011 

Kopec, A. M., Smith, C. J., Ayre, N. R., Sweat, S. C., & Bilbo, S. D. (2018). Microglial 
dopamine receptor elimination defines sex-specific nucleus accumbens 
development and social behavior in adolescent rats. Nat Commun, 9(1), 3769. 
Retrieved from https://www.ncbi.nlm.nih.gov/pubmed/30254300. 
doi:10.1038/s41467-018-06118-z 

Kozak, K., Lucatch, A. M., Lowe, D. J. E., Balodis, I. M., MacKillop, J., & George, T. P. 
(2018). The neurobiology of impulsivity and substance use disorders: implications 
for treatment. Ann N Y Acad Sci. Retrieved from 
https://www.ncbi.nlm.nih.gov/pubmed/30291624. doi:10.1111/nyas.13977 

Kraus, M. F., Smith, G. S., Butters, M., Donnell, A. J., Dixon, E., Yilong, C., & Marion, 
D. (2005). Effects of the dopaminergic agent and NMDA receptor antagonist 
amantadine on cognitive function, cerebral glucose metabolism and D2 receptor 
availability in chronic traumatic brain injury: a study using positron emission 
tomography (PET). Brain Inj, 19(7), 471-479. Retrieved from 
https://www.ncbi.nlm.nih.gov/pubmed/16134735.  

LaFrance-Corey, R. G., & Howe, C. L. (2011). Isolation of brain-infiltrating leukocytes. 
J Vis Exp(52). Retrieved from https://www.ncbi.nlm.nih.gov/pubmed/21694694. 
doi:10.3791/2747 

Langlois, J. A., Rutland-Brown, W., & Wald, M. M. (2006). The epidemiology and 
impact of traumatic brain injury: a brief overview. J Head Trauma Rehabil, 21(5), 
375-378. Retrieved from https://www.ncbi.nlm.nih.gov/pubmed/16983222.  

Lawrence, A. J., Luty, J., Bogdan, N. A., Sahakian, B. J., & Clark, L. (2009). Impulsivity 
and response inhibition in alcohol dependence and problem gambling. 
Psychopharmacology (Berl), 207(1), 163-172. Retrieved from 
https://www.ncbi.nlm.nih.gov/pubmed/19727677. doi:10.1007/s00213-009-1645-
x 



 128 

Lenz, K. M., Nugent, B. M., Haliyur, R., & McCarthy, M. M. (2013). Microglia are 
essential to masculinization of brain and behavior. J Neurosci, 33(7), 2761-2772. 
Retrieved from https://www.ncbi.nlm.nih.gov/pubmed/23407936. 
doi:10.1523/JNEUROSCI.1268-12.2013 

Ley, E. J., Short, S. S., Liou, D. Z., Singer, M. B., Mirocha, J., Melo, N., . . . Salim, A. 
(2013). Gender impacts mortality after traumatic brain injury in teenagers. J 
Trauma Acute Care Surg, 75(4), 682-686. Retrieved from 
https://www.ncbi.nlm.nih.gov/pubmed/24064883. 
doi:10.1097/TA.0b013e31829d024f 

Li, Y., Lee, P. Y., Kellner, E. S., Paulus, M., Switanek, J., Xu, Y., . . . Reeves, W. H. 
(2010). Monocyte surface expression of Fcgamma receptor RI (CD64), a 
biomarker reflecting type-I interferon levels in systemic lupus erythematosus. 
Arthritis Res Ther, 12(3), R90. Retrieved from 
https://www.ncbi.nlm.nih.gov/pubmed/20478071. doi:10.1186/ar3017 

Lim, M. M., Elkind, J., Xiong, G., Galante, R., Zhu, J., Zhang, L., . . . Cohen, A. S. 
(2013). Dietary therapy mitigates persistent wake deficits caused by mild 
traumatic brain injury. Sci Transl Med, 5(215), 215ra173. Retrieved from 
https://www.ncbi.nlm.nih.gov/pubmed/24337480. 
doi:10.1126/scitranslmed.3007092 

Lim, Y. W., Meyer, N. P., Shah, A. S., Budde, M. D., Stemper, B. D., & Olsen, C. M. 
(2015). Voluntary Alcohol Intake following Blast Exposure in a Rat Model of 
Mild Traumatic Brain Injury. PLoS One, 10(4), e0125130. Retrieved from 
http://www.ncbi.nlm.nih.gov/pubmed/25910266. 
doi:10.1371/journal.pone.0125130 

Lipari, R. N., Hedden, S. L., & Hughes, A. (2013). Substance Use and Mental Health 
Estimates from the 2013 National Survey on Drug Use and Health: Overview of 
Findings. In The CBHSQ Report (pp. 1-10). Rockville (MD). 

Loane, D. J., & Byrnes, K. R. (2010). Role of microglia in neurotrauma. 
Neurotherapeutics, 7(4), 366-377. Retrieved from 
https://www.ncbi.nlm.nih.gov/pubmed/20880501. doi:10.1016/j.nurt.2010.07.002 

Lowing, J. L., Susick, L. L., Caruso, J. P., Provenzano, A. M., Raghupathi, R., & Conti, 
A. C. (2014). Experimental traumatic brain injury alters ethanol consumption and 
sensitivity. J Neurotrauma, 31(20), 1700-1710. Retrieved from 
http://www.ncbi.nlm.nih.gov/pubmed/24934382. doi:10.1089/neu.2013.3286 

Lozano, D., Gonzales-Portillo, G. S., Acosta, S., de la Pena, I., Tajiri, N., Kaneko, Y., & 
Borlongan, C. V. (2015). Neuroinflammatory responses to traumatic brain injury: 
etiology, clinical consequences, and therapeutic opportunities. Neuropsychiatr Dis 



 129 

Treat, 11, 97-106. Retrieved from 
https://www.ncbi.nlm.nih.gov/pubmed/25657582. doi:10.2147/NDT.S65815 

Lu, X. Y., Sun, H., Li, Q. Y., & Lu, P. S. (2016). Progesterone for Traumatic Brain 
Injury: A Meta-Analysis Review of Randomized Controlled Trials. World 
Neurosurg, 90, 199-210. Retrieved from 
https://www.ncbi.nlm.nih.gov/pubmed/26960278. 
doi:10.1016/j.wneu.2016.02.110 

Lutton, E. M., Razmpour, R., Andrews, A. M., Cannella, L. A., Son, Y. J., Shuvaev, V. 
V., . . . Ramirez, S. H. (2017). Acute administration of catalase targeted to ICAM-
1 attenuates neuropathology in experimental traumatic brain injury. Sci Rep, 7(1), 
3846. Retrieved from https://www.ncbi.nlm.nih.gov/pubmed/28630485. 
doi:10.1038/s41598-017-03309-4 

Lynch, W. J., & Taylor, J. R. (2004). Sex differences in the behavioral effects of 24-
h/day access to cocaine under a discrete trial procedure. 
Neuropsychopharmacology, 29(5), 943-951. Retrieved from 
https://www.ncbi.nlm.nih.gov/pubmed/14872204. doi:10.1038/sj.npp.1300389 

Lynch, W. J., & Taylor, J. R. (2005). Decreased motivation following cocaine self-
administration under extended access conditions: effects of sex and ovarian 
hormones. Neuropsychopharmacology, 30(5), 927-935. Retrieved from 
https://www.ncbi.nlm.nih.gov/pubmed/15647749. doi:10.1038/sj.npp.1300656 

Manitt, C., Mimee, A., Eng, C., Pokinko, M., Stroh, T., Cooper, H. M., . . . Flores, C. 
(2011). The netrin receptor DCC is required in the pubertal organization of 
mesocortical dopamine circuitry. J Neurosci, 31(23), 8381-8394. Retrieved from 
https://www.ncbi.nlm.nih.gov/pubmed/21653843. 
doi:10.1523/JNEUROSCI.0606-11.2011 

Martin-Fardon, R., Cauvi, G., Kerr, T. M., & Weiss, F. (2018). Differential role of 
hypothalamic orexin/hypocretin neurons in reward seeking motivated by cocaine 
versus palatable food. Addict Biol, 23(1), 6-15. Retrieved from 
https://www.ncbi.nlm.nih.gov/pubmed/27558790. doi:10.1111/adb.12441 

Matsuzaki, M., Honkura, N., Ellis-Davies, G. C., & Kasai, H. (2004). Structural basis of 
long-term potentiation in single dendritic spines. Nature, 429(6993), 761-766. 
Retrieved from https://www.ncbi.nlm.nih.gov/pubmed/15190253. 
doi:10.1038/nature02617 

Max, J. E., Friedman, K., Wilde, E. A., Bigler, E. D., Hanten, G., Schachar, R. J., . . . 
Levin, H. S. (2015). Psychiatric disorders in children and adolescents 24 months 
after mild traumatic brain injury. J Neuropsychiatry Clin Neurosci, 27(2), 112-
120. Retrieved from https://www.ncbi.nlm.nih.gov/pubmed/25923850. 
doi:10.1176/appi.neuropsych.13080190 



 130 

Mayeux, J. P., Teng, S. X., Katz, P. S., Gilpin, N. W., & Molina, P. E. (2015). Traumatic 
brain injury induces neuroinflammation and neuronal degeneration that is 
associated with escalated alcohol self-administration in rats. Behav Brain Res, 
279, 22-30. Retrieved from http://www.ncbi.nlm.nih.gov/pubmed/25446758. 
doi:10.1016/j.bbr.2014.10.053 

McCauley, S. R., Wilde, E. A., Anderson, V. A., Bedell, G., Beers, S. R., Campbell, T. 
F., . . . Pediatric, T. B. I. O. W. (2012). Recommendations for the use of common 
outcome measures in pediatric traumatic brain injury research. J Neurotrauma, 
29(4), 678-705. Retrieved from https://www.ncbi.nlm.nih.gov/pubmed/21644810. 
doi:10.1089/neu.2011.1838 

McFarland, K., Davidge, S. B., Lapish, C. C., & Kalivas, P. W. (2004). Limbic and motor 
circuitry underlying footshock-induced reinstatement of cocaine-seeking 
behavior. J Neurosci, 24(7), 1551-1560. Retrieved from 
https://www.ncbi.nlm.nih.gov/pubmed/14973230. 
doi:10.1523/JNEUROSCI.4177-03.2004 

McHugo, G. J., Krassenbaum, S., Donley, S., Corrigan, J. D., Bogner, J., & Drake, R. E. 
(2017). The Prevalence of Traumatic Brain Injury Among People With Co-
Occurring Mental Health and Substance Use Disorders. J Head Trauma Rehabil, 
32(3), E65-E74. Retrieved from 
https://www.ncbi.nlm.nih.gov/pubmed/27455436. 
doi:10.1097/HTR.0000000000000249 

McKee, C. A., & Lukens, J. R. (2016). Emerging roles for the immune system in 
traumatic brain injury. Front Immunol, 7, 556. Retrieved from 
https://www.ncbi.nlm.nih.gov/pubmed/27994591. 
doi:10.3389/fimmu.2016.00556 

McKinlay, A., Corrigan, J., Horwood, L. J., & Fergusson, D. M. (2014). Substance abuse 
and criminal activities following traumatic brain injury in childhood, adolescence, 
and early adulthood. J Head Trauma Rehabil, 29(6), 498-506. Retrieved from 
https://www.ncbi.nlm.nih.gov/pubmed/24263173. 
doi:10.1097/HTR.0000000000000001 

McKinlay, A., Grace, R., Horwood, J., Fergusson, D., & MacFarlane, M. (2009). 
Adolescent psychiatric symptoms following preschool childhood mild traumatic 
brain injury: evidence from a birth cohort. J Head Trauma Rehabil, 24(3), 221-
227. Retrieved from https://www.ncbi.nlm.nih.gov/pubmed/19461369. 
doi:10.1097/HTR.0b013e3181a40590 

McLean, A. C., Valenzuela, N., Fai, S., & Bennett, S. A. (2012). Performing vaginal 
lavage, crystal violet staining, and vaginal cytological evaluation for mouse 
estrous cycle staging identification. J Vis Exp(67), e4389. Retrieved from 
https://www.ncbi.nlm.nih.gov/pubmed/23007862. doi:10.3791/4389 



 131 

Meadows, E. A., Owen Yeates, K., Rubin, K. H., Taylor, H. G., Bigler, E. D., Dennis, 
M., . . . Hoskinson, K. R. (2017). Rejection Sensitivity as a Moderator of 
Psychosocial Outcomes Following Pediatric Traumatic Brain Injury. J Int 
Neuropsychol Soc, 23(6), 451-459. Retrieved from 
https://www.ncbi.nlm.nih.gov/pubmed/28511727. 
doi:10.1017/S1355617717000352 

Merkel, S. F., Andrews, A. M., Lutton, E. M., Razmpour, R., Cannella, L. A., & 
Ramirez, S. H. (2016). Dexamethasone Attenuates the Enhanced Rewarding 
Effects of Cocaine Following Experimental Traumatic Brain Injury. Cell 
Transplantation, epub ahead of print.  

Merkel, S. F., Cannella, L. A., Razmpour, R., Lutton, E., Raghupathi, R., Rawls, S. M., & 
Ramirez, S. H. (2017). Factors affecting increased risk for substance use disorders 
following traumatic brain injury: What we can learn from animal models. 
Neuroscience & Biobehavioral Reviews.  

Merkel, S. F., Razmpour, R., Lutton, E. M., Tallarida, C. S., Heldt, N. A., Cannella, L. 
A., . . . Ramirez, S. H. (2017). Adolescent Traumatic Brain Injury Induces 
Chronic Mesolimbic Neuroinflammation with Concurrent Enhancement in the 
Rewarding Effects of Cocaine in Mice during Adulthood. J Neurotrauma, 34(1), 
165-181. Retrieved from https://www.ncbi.nlm.nih.gov/pubmed/27026056. 
doi:10.1089/neu.2015.4275 

Miller, S. C., Baktash, S. H., Webb, T. S., Whitehead, C. R., Maynard, C., Wells, T. S., . . 
. Gore, R. K. (2013). Risk for addiction-related disorders following mild traumatic 
brain injury in a large cohort of active-duty U.S. airmen. Am J Psychiatry, 170(4), 
383-390. Retrieved from http://www.ncbi.nlm.nih.gov/pubmed/23429886. 
doi:10.1176/appi.ajp.2012.12010126 

Muelbl, M. J., Slaker, M. L., Shah, A. S., Nawarawong, N. N., Gerndt, C. H., Budde, M. 
D., . . . Olsen, C. M. (2018). Effects of Mild Blast Traumatic Brain Injury on 
Cognitive- and Addiction-Related Behaviors. Sci Rep, 8(1), 9941. Retrieved from 
https://www.ncbi.nlm.nih.gov/pubmed/29967344. doi:10.1038/s41598-018-
28062-0 

Mychasiuk, R., Hehar, H., Farran, A., & Esser, M. J. (2014). Mean girls: sex differences 
in the effects of mild traumatic brain injury on the social dynamics of juvenile rat 
play behaviour. Behav Brain Res, 259, 284-291. Retrieved from 
https://www.ncbi.nlm.nih.gov/pubmed/24231261. doi:10.1016/j.bbr.2013.10.048 

Mychasiuk, R., Hehar, H., Ma, I., Kolb, B., & Esser, M. J. (2015). The development of 
lasting impairments: a mild pediatric brain injury alters gene expression, dendritic 
morphology, and synaptic connectivity in the prefrontal cortex of rats. 
Neuroscience, 288, 145-155. Retrieved from 



 132 

https://www.ncbi.nlm.nih.gov/pubmed/25555930. 
doi:10.1016/j.neuroscience.2014.12.034 

Nader, M. A., Morgan, D., Gage, H. D., Nader, S. H., Calhoun, T. L., Buchheimer, N., . . 
. Mach, R. H. (2006). PET imaging of dopamine D2 receptors during chronic 
cocaine self-administration in monkeys. Nat Neurosci, 9(8), 1050-1056. Retrieved 
from https://www.ncbi.nlm.nih.gov/pubmed/16829955. doi:10.1038/nn1737 

Naneix, F., Marchand, A. R., Di Scala, G., Pape, J. R., & Coutureau, E. (2012). Parallel 
maturation of goal-directed behavior and dopaminergic systems during 
adolescence. J Neurosci, 32(46), 16223-16232. Retrieved from 
https://www.ncbi.nlm.nih.gov/pubmed/23152606. 
doi:10.1523/JNEUROSCI.3080-12.2012 

Narad, M. E., Kennelly, M., Zhang, N., Wade, S. L., Yeates, K. O., Taylor, H. G., . . . 
Kurowski, B. G. (2018). Secondary Attention-Deficit/Hyperactivity Disorder in 
Children and Adolescents 5 to 10 Years After Traumatic Brain Injury. JAMA 
Pediatr, 172(5), 437-443. Retrieved from 
https://www.ncbi.nlm.nih.gov/pubmed/29554197. 
doi:10.1001/jamapediatrics.2017.5746 

Neher, J. J., Neniskyte, U., & Brown, G. C. (2012). Primary phagocytosis of neurons by 
inflamed microglia: potential roles in neurodegeneration. Front Pharmacol, 3, 27. 
Retrieved from https://www.ncbi.nlm.nih.gov/pubmed/22403545. 
doi:10.3389/fphar.2012.00027 

Nestler, E. J. (2005). Is there a common molecular pathway for addiction? Nat Neurosci, 
8(11), 1445-1449. Retrieved from 
http://www.ncbi.nlm.nih.gov/pubmed/16251986. doi:10.1038/nn1578 

Neumann, J., Sauerzweig, S., Ronicke, R., Gunzer, F., Dinkel, K., Ullrich, O., . . . 
Reymann, K. G. (2008). Microglia cells protect neurons by direct engulfment of 
invading neutrophil granulocytes: a new mechanism of CNS immune privilege. J 
Neurosci, 28(23), 5965-5975. Retrieved from 
https://www.ncbi.nlm.nih.gov/pubmed/18524901. 
doi:10.1523/JNEUROSCI.0060-08.2008 

O'Connor, C. A., Cernak, I., & Vink, R. (2005). Both estrogen and progesterone attenuate 
edema formation following diffuse traumatic brain injury in rats. Brain Res, 
1062(1-2), 171-174. Retrieved from 
https://www.ncbi.nlm.nih.gov/pubmed/16256079. 
doi:10.1016/j.brainres.2005.09.011 

Ono, K. E., Burns, T. G., Bearden, D. J., McManus, S. M., King, H., & Reisner, A. 
(2016). Sex-Based Differences as a Predictor of Recovery Trajectories in Young 
Athletes After a Sports-Related Concussion. Am J Sports Med, 44(3), 748-752. 



 133 

Retrieved from https://www.ncbi.nlm.nih.gov/pubmed/26672026. 
doi:10.1177/0363546515617746 

Paolicelli, R. C., Bolasco, G., Pagani, F., Maggi, L., Scianni, M., Panzanelli, P., . . . 
Gross, C. T. (2011). Synaptic pruning by microglia is necessary for normal brain 
development. Science, 333(6048), 1456-1458. Retrieved from 
https://www.ncbi.nlm.nih.gov/pubmed/21778362. doi:10.1126/science.1202529 

Parry-Jones, B. L., Vaughan, F. L., & Cox, W. M. (2006). Traumatic brain injury and 
substance misuse: A systematic review of prevalence and outcomes research 
(1994-2004). Neuropsychological Rehabilitation, 16(5), 537-560. Retrieved from 
<Go to ISI>://WOS:000241362600002. doi:10.1080/09602010500231875 

Penzes, P., Cahill, M. E., Jones, K. A., VanLeeuwen, J. E., & Woolfrey, K. M. (2011). 
Dendritic spine pathology in neuropsychiatric disorders. Nat Neurosci, 14(3), 
285-293. Retrieved from https://www.ncbi.nlm.nih.gov/pubmed/21346746. 
doi:10.1038/nn.2741 

Perez, E. J., Cepero, M. L., Perez, S. U., Coyle, J. T., Sick, T. J., & Liebl, D. J. (2016a). 
EphB3 signaling propagates synaptic dysfunction in the traumatic injured brain. 
Neurobiology of Disease, 94, 73-84. Retrieved from <Go to 
ISI>://WOS:000381836700008. doi:10.1016/j.nbd.2016.06.007 

Perez, E. J., Cepero, M. L., Perez, S. U., Coyle, J. T., Sick, T. J., & Liebl, D. J. (2016b). 
EphB3 signaling propagates synaptic dysfunction in the traumatic injured brain. 
Neurobiol Dis, 94, 73-84. Retrieved from 
https://www.ncbi.nlm.nih.gov/pubmed/27317833. doi:10.1016/j.nbd.2016.06.007 

Perron, B. E., & Howard, M. O. (2008). Prevalence and correlates of traumatic brain 
injury among delinquent youths. Crim Behav Ment Health, 18(4), 243-255. 
Retrieved from https://www.ncbi.nlm.nih.gov/pubmed/18803295. 
doi:10.1002/cbm.702 

Ponsford, J., Draper, K., & Schonberger, M. (2008). Functional outcome 10 years after 
traumatic brain injury: its relationship with demographic, injury severity, and 
cognitive and emotional status. J Int Neuropsychol Soc, 14(2), 233-242. Retrieved 
from https://www.ncbi.nlm.nih.gov/pubmed/18282321. 
doi:10.1017/S1355617708080272 

Prince, C., & Bruhns, M. E. (2017). Evaluation and Treatment of Mild Traumatic Brain 
Injury: The Role of Neuropsychology. Brain Sci, 7(8). Retrieved from 
https://www.ncbi.nlm.nih.gov/pubmed/28817065. doi:10.3390/brainsci7080105 

Ramesh, D., Keyser-Marcus, L. A., Ma, L., Schmitz, J. M., Lane, S. D., Marwitz, J. H., . . 
. Moeller, F. G. (2015). Prevalence of traumatic brain injury in cocaine-dependent 



 134 

research volunteers. Am J Addict, 24(4), 341-347. Retrieved from 
https://www.ncbi.nlm.nih.gov/pubmed/25662909. doi:10.1111/ajad.12192 

Rhine, T., Cassedy, A., Yeates, K. O., Taylor, H. G., Kirkwood, M. W., & Wade, S. L. 
(2018). Investigating the Connection Between Traumatic Brain Injury and 
Posttraumatic Stress Symptoms in Adolescents. J Head Trauma Rehabil, 33(3), 
210-218. Retrieved from https://www.ncbi.nlm.nih.gov/pubmed/28520669. 
doi:10.1097/HTR.0000000000000319 

Rodriguez-Grande, B., Obenaus, A., Ichkova, A., Aussudre, J., Bessy, T., Barse, E., . . . 
Badaut, J. (2018). Gliovascular changes precede white matter damage and long-
term disorders in juvenile mild closed head injury. Glia. Retrieved from 
https://www.ncbi.nlm.nih.gov/pubmed/29665077. doi:10.1002/glia.23336 

Roof, R. L., Duvdevani, R., & Stein, D. G. (1993). Gender influences outcome of brain 
injury: progesterone plays a protective role. Brain Res, 607(1-2), 333-336. 
Retrieved from https://www.ncbi.nlm.nih.gov/pubmed/8481809.  

Russo, M. V., & McGavern, D. B. (2016). Inflammatory neuroprotection following 
traumatic brain injury. Science, 353(6301), 783-785. Retrieved from 
https://www.ncbi.nlm.nih.gov/pubmed/27540166. doi:10.1126/science.aaf6260 

Ryan, N. P., Genc, S., Beauchamp, M. H., Yeates, K. O., Hearps, S., Catroppa, C., . . . 
Silk, T. J. (2018). White matter microstructure predicts longitudinal social 
cognitive outcomes after paediatric traumatic brain injury: a diffusion tensor 
imaging study. Psychol Med, 48(4), 679-691. Retrieved from 
https://www.ncbi.nlm.nih.gov/pubmed/28780927. 
doi:10.1017/S0033291717002057 

SAMHSA, C. f. B. H. S. a. Q. (2015). Behavioral health trands in the United States: 
Results from the 2014 National Survey on Drug Use and Health (HSS Publication 
No. SMA 15-4927, NSDUH Series H-50.  

Schachar, R., Levin, H. S., Max, J. E., Purvis, K., & Chen, S. (2004). Attention deficit 
hyperactivity disorder symptoms and response inhibition after closed head injury 
in children: do preinjury behavior and injury severity predict outcome? Dev 
Neuropsychol, 25(1-2), 179-198. Retrieved from 
https://www.ncbi.nlm.nih.gov/pubmed/14984334. 
doi:10.1080/87565641.2004.9651927 

Schenk, S., Horger, B. A., Peltier, R., & Shelton, K. (1991). Supersensitivity to the 
reinforcing effects of cocaine following 6-hydroxydopamine lesions to the medial 
prefrontal cortex in rats. Brain Res, 543(2), 227-235. Retrieved from 
https://www.ncbi.nlm.nih.gov/pubmed/1905576.  



 135 

Schmithorst, V. J., & Yuan, W. (2010). White matter development during adolescence as 
shown by diffusion MRI. Brain Cogn, 72(1), 16-25. Retrieved from 
https://www.ncbi.nlm.nih.gov/pubmed/19628324. 
doi:10.1016/j.bandc.2009.06.005 

Schwarz, J. M., Sholar, P. W., & Bilbo, S. D. (2012). Sex differences in microglial 
colonization of the developing rat brain. J Neurochem, 120(6), 948-963. Retrieved 
from https://www.ncbi.nlm.nih.gov/pubmed/22182318. doi:10.1111/j.1471-
4159.2011.07630.x 

Scott, C., McKinlay, A., McLellan, T., Britt, E., Grace, R., & MacFarlane, M. (2015). A 
comparison of adult outcomes for males compared to females following pediatric 
traumatic brain injury. Neuropsychology, 29(4), 501-508. Retrieved from 
https://www.ncbi.nlm.nih.gov/pubmed/25495834. doi:10.1037/neu0000074 

Semple, B. D., Dixit, S., Shultz, S. R., Boon, W. C., & O'Brien, T. J. (2017). Sex-
dependent changes in neuronal morphology and psychosocial behaviors after 
pediatric brain injury. Behav Brain Res, 319, 48-62. Retrieved from 
https://www.ncbi.nlm.nih.gov/pubmed/27829127. doi:10.1016/j.bbr.2016.10.045 

Semple, B. D., Trivedi, A., Gimlin, K., & Noble-Haeusslein, L. J. (2015). Neutrophil 
elastase mediates acute pathogenesis and is a determinant of long-term behavioral 
recovery after traumatic injury to the immature brain. Neurobiol Dis, 74, 263-280. 
Retrieved from https://www.ncbi.nlm.nih.gov/pubmed/25497734. 
doi:10.1016/j.nbd.2014.12.003 

Semrud-Clikeman, M., & Klipfel, K. M. (2016). TBI and Concussions in Student 
Athletes: How do Severity of Injury, Age, and Gender Influence Recovery. 
Journal of Pediatric Neuropsychology, 2(1-2), 58-69. 
doi:https://doi.org/10.1007/s40817-015-0010-8 

Shah, S., Yallampalli, R., Merkley, T. L., McCauley, S. R., Bigler, E. D., Macleod, M., . . 
. Wilde, E. A. (2012). Diffusion tensor imaging and volumetric analysis of the 
ventral striatum in adults with traumatic brain injury. Brain Inj, 26(3), 201-210. 
Retrieved from http://www.ncbi.nlm.nih.gov/pubmed/22372408. 
doi:10.3109/02699052.2012.654591 

Skopin, M. D., Kabadi, S. V., Viechweg, S. S., Mong, J. A., & Faden, A. I. (2015). 
Chronic decrease in wakefulness and disruption of sleep-wake behavior after 
experimental traumatic brain injury. J Neurotrauma, 32(5), 289-296. Retrieved 
from https://www.ncbi.nlm.nih.gov/pubmed/25242371. 
doi:10.1089/neu.2014.3664 

Spiga, S., Mulas, G., Piras, F., & Diana, M. (2014). The "addicted" spine. Front 
Neuroanat, 8, 110. Retrieved from 
https://www.ncbi.nlm.nih.gov/pubmed/25324733. doi:10.3389/fnana.2014.00110 



 136 

Tau, G. Z., & Peterson, B. S. (2010). Normal development of brain circuits. 
Neuropsychopharmacology, 35(1), 147-168. Retrieved from 
https://www.ncbi.nlm.nih.gov/pubmed/19794405. doi:10.1038/npp.2009.115 

Taylor, C. A., Bell, J. M., Breiding, M. J., & Xu, L. (2017). Traumatic Brain Injury-
Related Emergency Department Visits, Hospitalizations, and Deaths - United 
States, 2007 and 2013. MMWR Surveill Summ, 66(9), 1-16. Retrieved from 
https://www.ncbi.nlm.nih.gov/pubmed/28301451. doi:10.15585/mmwr.ss6609a1 

Thomasy, H. E., Febinger, H. Y., Ringgold, K. M., Gemma, C., & Opp, M. R. (2017). 
Hypocretinergic and cholinergic contributions to sleep-wake disturbances in a 
mouse model of traumatic brain injury. Neurobiology of Sleep and Circadian 
Rhythms, 2, 71-84.  

Tomasevic, G., Laurer, H. L., Mattiasson, G., van Steeg, H., Wieloch, T., & McIntosh, T. 
K. (2012). Delayed neuromotor recovery and increased memory acquisition 
dysfunction following experimental brain trauma in mice lacking the DNA repair 
gene XPA. J Neurosurg, 116(6), 1368-1378. Retrieved from 
https://www.ncbi.nlm.nih.gov/pubmed/22462511. doi:10.3171/2012.2.JNS11888 

Tucker, L. B., Fu, A. H., & McCabe, J. T. (2016). Performance of Male and Female 
C57BL/6J Mice on Motor and Cognitive Tasks Commonly Used in Pre-Clinical 
Traumatic Brain Injury Research. J Neurotrauma, 33(9), 880-894. Retrieved from 
https://www.ncbi.nlm.nih.gov/pubmed/25951234. doi:10.1089/neu.2015.3977 

Vaughn, M. G., Salas-Wright, C. P., DeLisi, M., & Perron, B. (2014). Correlates of 
traumatic brain injury among juvenile offenders: a multi-site study. Crim Behav 
Ment Health, 24(3), 188-203. Retrieved from 
https://www.ncbi.nlm.nih.gov/pubmed/24425682. doi:10.1002/cbm.1900 

Vaughn, M. G., Salas-Wright, C. P., John, R., Holzer, K. J., Qian, Z., & Veeh, C. (2018). 
Traumatic Brain Injury and Psychiatric Co-Morbidity in the United States. 
Psychiatr Q. Retrieved from https://www.ncbi.nlm.nih.gov/pubmed/30465326. 
doi:10.1007/s11126-018-9617-0 

Villapol, S., Loane, D. J., & Burns, M. P. (2017). Sexual dimorphism in the inflammatory 
response to traumatic brain injury. Glia, 65(9), 1423-1438. Retrieved from 
https://www.ncbi.nlm.nih.gov/pubmed/28608978. doi:10.1002/glia.23171 

Volkow, N. D., Fowler, J. S., Wang, G. J., Telang, F., Logan, J., Jayne, M., . . . Swanson, 
J. M. (2010). Cognitive control of drug craving inhibits brain reward regions in 
cocaine abusers. Neuroimage, 49(3), 2536-2543. Retrieved from 
https://www.ncbi.nlm.nih.gov/pubmed/19913102. 
doi:10.1016/j.neuroimage.2009.10.088 



 137 

Vonder Haar, C., Ferland, J. N., Kaur, S., Riparip, L. K., Rosi, S., & Winstanley, C. A. 
(2018). Cocaine self-administration is increased after frontal traumatic brain 
injury and associated with neuroinflammation. Eur J Neurosci. Retrieved from 
https://www.ncbi.nlm.nih.gov/pubmed/30118561. doi:10.1111/ejn.14123 

Wade, S. L., Cassedy, A. E., Fulks, L. E., Taylor, H. G., Stancin, T., Kirkwood, M. W., . . 
. Kurowski, B. G. (2017). Problem-Solving After Traumatic Brain Injury in 
Adolescence: Associations With Functional Outcomes. Arch Phys Med Rehabil, 
98(8), 1614-1621. Retrieved from 
https://www.ncbi.nlm.nih.gov/pubmed/28389109. 
doi:10.1016/j.apmr.2017.03.006 

Wade, S. L., Zhang, N., Yeates, K. O., Stancin, T., & Taylor, H. G. (2016). Social 
Environmental Moderators of Long-term Functional Outcomes of Early 
Childhood Brain Injury. JAMA Pediatr, 170(4), 343-349. Retrieved from 
https://www.ncbi.nlm.nih.gov/pubmed/26902662. 
doi:10.1001/jamapediatrics.2015.4485 

Wagner, A. K., Sokoloski, J. E., Ren, D., Chen, X., Khan, A. S., Zafonte, R. D., . . . 
Dixon, C. E. (2005). Controlled cortical impact injury affects dopaminergic 
transmission in the rat striatum. J Neurochem, 95(2), 457-465. Retrieved from 
http://www.ncbi.nlm.nih.gov/pubmed/16190869. doi:10.1111/j.1471-
4159.2005.03382.x 

Wake, H., Moorhouse, A. J., Miyamoto, A., & Nabekura, J. (2013). Microglia: actively 
surveying and shaping neuronal circuit structure and function. Trends Neurosci, 
36(4), 209-217. Retrieved from https://www.ncbi.nlm.nih.gov/pubmed/23260014. 
doi:10.1016/j.tins.2012.11.007 

Walker, D. M., Bell, M. R., Flores, C., Gulley, J. M., Willing, J., & Paul, M. J. (2017). 
Adolescence and Reward: Making Sense of Neural and Behavioral Changes Amid 
the Chaos. J Neurosci, 37(45), 10855-10866. Retrieved from 
https://www.ncbi.nlm.nih.gov/pubmed/29118215. 
doi:10.1523/JNEUROSCI.1834-17.2017 

Walker, K. R., & Tesco, G. (2013). Molecular mechanisms of cognitive dysfunction 
following traumatic brain injury. Frontiers in Aging Neuroscience, 5, 25. 
Retrieved from <Go to ISI>://WOS:000323382300001. 
doi:10.3389/fnagi.2013.00029 

Washington, P. M., Forcelli, P. A., Wilkins, T., Zapple, D. N., Parsadanian, M., & Burns, 
M. P. (2012). The effect of injury severity on behavior: a phenotypic study of 
cognitive and emotional deficits after mild, moderate, and severe controlled 
cortical impact injury in mice. J Neurotrauma, 29(13), 2283-2296. Retrieved from 
https://www.ncbi.nlm.nih.gov/pubmed/22642287. doi:10.1089/neu.2012.2456 



 138 

Wee, S., & Koob, G. F. (2010). The role of the dynorphin-kappa opioid system in the 
reinforcing effects of drugs of abuse. Psychopharmacology (Berl), 210(2), 121-
135. Retrieved from http://www.ncbi.nlm.nih.gov/pubmed/20352414. 
doi:10.1007/s00213-010-1825-8 

Weil, Z. M., Corrigan, J. D., & Karelina, K. (2016). Alcohol abuse after traumatic brain 
injury: Experimental and clinical evidence. Neurosci Biobehav Rev, 62, 89-99. 
Retrieved from https://www.ncbi.nlm.nih.gov/pubmed/26814960. 
doi:10.1016/j.neubiorev.2016.01.005 

Weil, Z. M., Karelina, K., Gaier, K. R., Corrigan, T. E., & Corrigan, J. D. (2016). 
Juvenile Traumatic Brain Injury Increases Alcohol Consumption and Reward in 
Female Mice. J Neurotrauma, 33(9), 895-903. Retrieved from 
http://www.ncbi.nlm.nih.gov/pubmed/26153729. doi:10.1089/neu.2015.3953 

Weiss, R. D., Griffin, M. L., & Mirin, S. M. (1992). Drug abuse as self-medication for 
depression: an empirical study. Am J Drug Alcohol Abuse, 18(2), 121-129. 
Retrieved from https://www.ncbi.nlm.nih.gov/pubmed/1562010.  

Whelan-Goodinson, R., Ponsford, J., Johnston, L., & Grant, F. (2009). Psychiatric 
disorders following traumatic brain injury: their nature and frequency. J Head 
Trauma Rehabil, 24(5), 324-332. Retrieved from 
http://www.ncbi.nlm.nih.gov/pubmed/19858966. 
doi:10.1097/HTR.0b013e3181a712aa 

Wilde, E. A., McCauley, S. R., Hunter, J. V., Bigler, E. D., Chu, Z., Wang, Z. J., . . . 
Levin, H. S. (2008). Diffusion tensor imaging of acute mild traumatic brain injury 
in adolescents. Neurology, 70(12), 948-955. Retrieved from 
https://www.ncbi.nlm.nih.gov/pubmed/18347317. 
doi:10.1212/01.wnl.0000305961.68029.54 

Williams, W. H., Chitsabesan, P., Fazel, S., McMillan, T., Hughes, N., Parsonage, M., & 
Tonks, J. (2018). Traumatic brain injury: a potential cause of violent crime? 
Lancet Psychiatry, 5(10), 836-844. Retrieved from 
https://www.ncbi.nlm.nih.gov/pubmed/29496587. doi:10.1016/S2215-
0366(18)30062-2 

Wills, T. A., & Filer, M. (1996). Stress—Coping Model of Adolescent Substance Use. 
Advances in Clinical Child Psychology, 18. doi:https://doi.org/10.1007/978-1-
4613-0323-7_3 

Wynne, A. M., Henry, C. J., Huang, Y., Cleland, A., & Godbout, J. P. (2010). Protracted 
downregulation of CX3CR1 on microglia of aged mice after lipopolysaccharide 
challenge. Brain Behav Immun, 24(7), 1190-1201. Retrieved from 
https://www.ncbi.nlm.nih.gov/pubmed/20570721. doi:10.1016/j.bbi.2010.05.011 



 139 

Xiong, Y., Mahmood, A., & Chopp, M. (2013). Animal models of traumatic brain injury. 
Nat Rev Neurosci, 14(2), 128-142. Retrieved from 
https://www.ncbi.nlm.nih.gov/pubmed/23329160. doi:10.1038/nrn3407 

Xu, X., Cao, S., Chao, H., Liu, Y., & Ji, J. (2016). Sex-related differences in striatal 
dopaminergic system after traumatic brain injury. Brain Res Bull, 124, 214-221. 
Retrieved from https://www.ncbi.nlm.nih.gov/pubmed/27210290. 
doi:10.1016/j.brainresbull.2016.05.010 

Yan, H. Q., Kline, A. E., Ma, X., Hooghe-Peters, E. L., Marion, D. W., & Dixon, C. E. 
(2001). Tyrosine hydroxylase, but not dopamine beta-hydroxylase, is increased in 
rat frontal cortex after traumatic brain injury. Neuroreport, 12(11), 2323-2327. 
Retrieved from http://www.ncbi.nlm.nih.gov/pubmed/11496104.  

Yan, H. Q., Ma, X., Chen, X., Li, Y., Shao, L., & Dixon, C. E. (2007). Delayed increase 
of tyrosine hydroxylase expression in rat nigrostriatal system after traumatic brain 
injury. Brain Res, 1134(1), 171-179. Retrieved from 
http://www.ncbi.nlm.nih.gov/pubmed/17196177. 
doi:10.1016/j.brainres.2006.11.087 

Yeates, K. O., Taylor, H. G., Walz, N. C., Stancin, T., & Wade, S. L. (2010). The family 
environment as a moderator of psychosocial outcomes following traumatic brain 
injury in young children. Neuropsychology, 24(3), 345-356. Retrieved from 
https://www.ncbi.nlm.nih.gov/pubmed/20438212. doi:10.1037/a0018387 

Yu, F., Shukla, D. K., Armstrong, R. C., Marion, C. M., Radomski, K. L., Selwyn, R. G., 
& Dardzinski, B. J. (2017). Repetitive Model of Mild Traumatic Brain Injury 
Produces Cortical Abnormalities Detectable by Magnetic Resonance Diffusion 
Imaging, Histopathology, and Behavior. J Neurotrauma, 34(7), 1364-1381. 
Retrieved from https://www.ncbi.nlm.nih.gov/pubmed/27784203. 
doi:10.1089/neu.2016.4569 

Zakharova, E., Leoni, G., Kichko, I., & Izenwasser, S. (2009). Differential effects of 
methamphetamine and cocaine on conditioned place preference and locomotor 
activity in adult and adolescent male rats. Behav Brain Res, 198(1), 45-50. 
Retrieved from https://www.ncbi.nlm.nih.gov/pubmed/18996417. 
doi:10.1016/j.bbr.2008.10.019 

Zakharova, E., Wade, D., & Izenwasser, S. (2009). Sensitivity to cocaine conditioned 
reward depends on sex and age. Pharmacol Biochem Behav, 92(1), 131-134. 
Retrieved from https://www.ncbi.nlm.nih.gov/pubmed/19032962. 
doi:10.1016/j.pbb.2008.11.002 

Zhan, Y., Paolicelli, R. C., Sforazzini, F., Weinhard, L., Bolasco, G., Pagani, F., . . . 
Gross, C. T. (2014). Deficient neuron-microglia signaling results in impaired 
functional brain connectivity and social behavior. Nat Neurosci, 17(3), 400-406. 



 140 

Retrieved from https://www.ncbi.nlm.nih.gov/pubmed/24487234. 
doi:10.1038/nn.3641 

Zhao, J., Huynh, J., Hylin, M. J., O'Malley, J. J., Perez, A., Moore, A. N., & Dash, P. K. 
(2018). Mild Traumatic Brain Injury Reduces Spine Density of Projection 
Neurons in the Medial Prefrontal Cortex and Impairs Extinction of Contextual 
Fear Memory. J Neurotrauma, 35(1), 149-156. Retrieved from 
https://www.ncbi.nlm.nih.gov/pubmed/28665166. doi:10.1089/neu.2016.4898 

 


	Front Matter 041519
	041519 thesis

